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Abstract

In 2022, working with the IceCube collaboration, we reported 4.2 ¢ evidence for neutrino emission from
NGC 1068, a non-jetted, Seyfert 2 active galactic nucleus (AGN) and the most significant extragalactic
neutrino source to date. The detection of high-energy non-thermal emission from a non-jetted AGN
invites us to re-evaluate the role of AGN jets in neutrino emission.

This thesis contributes to advancing our understanding of AGN as neutrino emitters. In collabora-
tion with experts, we conduct a comprehensive multi-messenger study of NGC 1068, constraining the
neutrino-emitting region to the vicinity of its central core, specifically its X-ray bright corona. Addi-
tionally, assuming a correlation between X-ray and neutrino emissions, we provide a model-independent
estimate of the total neutrino flux produced by all non-jetted AGN.

To test this correlation, we extend the analysis of IceCube with 50% more data. First, we reassess the
neutrino emission from NGC 1068, confirming the previously measured flux. Then, we develop a novel
selection of 47 X-ray bright Seyfert galaxies and test them as candidate neutrino sources. The Seyfert 1
galaxy NGC 7469 emerges as the most prominent, with a significance of 2.4 ¢. Furthermore, a population
test shows that 11 of our selected sources contribute to a binomial excess at 3.3 ¢ significance, supporting
the emergence of X-ray bright AGN as the first population of neutrino sources. The measured neutrino
emissions from these AGN exhibit different energies and spectral shapes, suggesting diverse neutrino
production mechanisms among bright X-ray sources and paving the way for future studies.

While investigating non-jetted AGN as neutrino emitters, we also validate external claims of a ~ 5¢
correlation between jetted AGN of the blazar type in the 5BZCAT catalog and neutrino hotspots based on
7 years of public IceCube data. Within this work, we develop a novel open-source software tool to search
for neutrino point sources in 10 years of IceCube public data. With the new tool, we reassess the claimed
correlation on the larger, more sensitive neutrino sample and find it disappears completely. Our results
suggest that the claimed discovery was likely due to statistical fluctuations.

Overall, this thesis investigates the emergent class of AGN as prominent neutrino emitters, unexpec-
tedly identifying non-jetted AGN as the primary sources.



II

Zusammenfassung

Im Jahr 2022 haben wir in Zusammenarbeit mit der IceCube-Kollaboration 4.2¢0 Hinweise auf Neu-
trinoemissionen von NGC 1068, einem nicht-gejetten Seyfert-2-Aktivgalaxienkern (AGN) und der bis-
lang bedeutendsten extragalaktischen Neutrinoquelle, berichtet. Der Nachweis hochenergetischer nicht-
thermischer Emissionen von einem nicht-gejetten AGN veranlasst uns, die Rolle von AGN-]Jets bei der
Neutrinoemission neu zu bewerten.

Diese Dissertation trdgt dazu bei, unser Verstindnis von AGN als Neutrinoemittenten zu erweitern. In
Zusammenarbeit mit Experten fithren wir eine umfassende Multi-Messenger-Studie von NGC 1068 durch
und begrenzen die neutrinoemittierende Region auf die Néhe seines zentralen Kerns, insbesondere seiner
rontgenhellen Korona. Zusitzlich liefern wir unter der Annahme einer Korrelation zwischen Rontgen-
und Neutrinoemissionen eine modellunabhingige Schiatzung des gesamten Neutrinoflusses, der von allen
nicht-gejetten AGN erzeugt wird.

Um diese Korrelation zu testen, erweitern wir die Analyse der IceCube-Daten um 50% mehr Daten.
Zunichst bewerten wir die Neutrinoemission von NGC 1068 neu und bestéitigen den zuvor gemessenen
Fluss. Dann entwickeln wir eine neuartige Auswahl von 47 rontgenhellen Seyfert-Galaxien und testen sie
als Kandidaten fiir Neutrinoquellen. Die Seyfert-1-Galaxie NGC 7469 erweist sich als die prominenteste
mit einer Signifikanz von 2.4 0. Dariiber hinaus zeigt ein Populationstest, dass 11 unserer ausgewdhlten
Quellen zu einem binomialen Uberschuss mit einer Signifikanz von 3.3 o beitragen, was die Entstehung
von rontgenhellen AGN als erste Population von Neutrinoquellen unterstiitzt. Die gemessenen Neutrino-
emissionen dieser AGN weisen unterschiedliche Energien und Spektralformen auf, was auf verschiedene
Neutrinoproduktionsmechanismen unter den hellen Rontgenquellen hinweist und den Weg fiir zukiinfti-
ge Studien ebnet.

Wihrend der Untersuchung nicht-gejetteter AGN als Neutrinoemittenten validieren wir auch exter-
ne Behauptungen einer ~ 5c-Korrelation zwischen gejetteten AGN vom Blazar-Typ im 5BZCAT-Katalog
und Neutrino-Hotspots basierend auf 7 Jahren offentlicher IceCube-Daten. In dieser Arbeit entwickeln
wir ein neuartiges Open-Source-Software-Tool, um Neutrinopunktquellen in 10 Jahren 6ffentlich zugéng-
lichen IceCube-Daten zu suchen. Mit dem neuen Tool bewerten wir die behauptete Korrelation in der
groBeren, empfindlicheren Neutrino-Stichprobe neu und stellen fest, dass sie vollstindig verschwindet.
Unsere Ergebnisse deuten darauf hin, dass die behauptete Entdeckung wahrscheinlich auf statistische
Schwankungen zurtickzufiihren ist.

Diese Dissertation untersucht insgesamt die aufkommende Klasse von AGN als bedeutende Neutrino-
emittenten und identifiziert dabei unerwartet nicht-gejettete AGN als die priméren Quellen.
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CHAPTER 1. INTRODUCTION 1

I [t roduction

Over a century has passed since Victor Hess flew on a balloon in
1912 and discovered, against his expectations, that the level of ioniz-

ing radiation increased with altitude.” He had found a natural source "Hess, “Uber Beobachtungen der durch-
dringenden Strahlung bei sieben Freiballon-

of high-energy particles: the cosmic rays. Thanks to enormous tech- ahrten”

nological progress in detection techniques, the flux of these charged
particles is extensively measured across a wide energy range that
reaches up to 10%° eV. However, several fundamental questions re-
main unanswered, with one standing out: What are the sources of
high-energy cosmic rays?

Associating cosmic rays with their sources is an extremely chal-
lenging task, as charged particles are deflected in magnetic fields
and lose their directional information. However, interactions of cos-
mic rays at their production sites generate neutral radiation in the
form of gamma rays and neutrinos, which point directly back to
the sources. While photons are created in various electromagnetic
processes, neutrinos can only be produced in hadronic interactions,
making their detection hard evidence of cosmic-ray acceleration at
the source. Moreover, neutrinos interact only rarely and weakly,
allowing them to travel astrophysical distances almost unimpeded.
Consequently, the quest for the sources of the high-energy cosmic
rays is closely connected with the search for astrophysical neutrino
emitters.

In 2013, the IceCube Neutrino Observatory discovered a diffuse

flux of high-energy astrophysical neutrinos.> The first association 2 IceCube Collaboration, “Evidence for High-
Energy Extraterrestrial Neutrinos at the

with a source happened four years later, in 2017, when IceCube de-
IceCube Detector”.

tected a neutrino that pointed back to the blazar TXS 0506+056.3 3 lceCube Collaboration et al., “Multimessen-
The coincident detection of enhanced gamma-ray activity made TXS ger observations of a flaring blazar coin-
05064-056 the first ~ 3 o neutrino source candidate# and the first case :fgg;zvﬁh high-energy netrino lceGube
of a multi-messenger detection involving neutrinos. This detection “IceCube Collaboration et al., “Neutrino

emission from the direction of the blazar TXS

. . . . . L 0506+056 prior to the IceCube-170922A
First, blazars, active galactic nuclei (AGN) with an ultrarelativistic alert”.

reinforced two beliefs that were already rooted in the community.

jet pointing toward the Earth, are excellent candidates as neutrino
sources. Second, the expected connection between the three messen-
gers is a powerful experimental tool to identify cosmic-ray accelera-
tion sites.

In 2022, a time-integrated search of g years of IceCube data found
TeV neutrino emission from the X-ray bright, Seyfert 2 galaxy NGC
1068. The 4.2 ¢ detection made NGC 1068 the most significant extra-
galactic neutrino source in the sky. Surprisingly, the AGN hosted by



5Massaro et al., “The 5th edition of the
Roma-BZCAT. A short presentation”.

5 Buson et al., “Beginning a Journey Across
the Universe: The Discovery of Extragalactic
Neutrino Factories”.

7 Buson et al., “Erratum: “Beginning a Jour-
ney Across the Universe: The Discovery
of Extragalactic Neutrino Factories” (2022,
ApJL, 933, L43)".

8 |ceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

this galaxy lacks a powerful relativistic jet, and its emission is pri-
marily dominated by thermal radiation. Moreover, no gamma rays
were detected at the neutrino energies and flux levels, challenging
the expected gamma-ray-neutrino connection. While both are AGN,
the two extragalactic sources associated with IceCube’s high-energy
neutrinos show intriguing differences.

This dissertation presents the case of NGC 1068 as the possible
first example of neutrino emission from the vicinity of the supermas-
sive black hole within an AGN, specifically its X-ray bright corona.
Several searches for neutrino point sources using IceCube internal
data are performed, including an updated measurement of the neu-
trino flux from NGC 1068. In particular, a search for neutrino emis-
sion from a newly introduced selection of X-ray bright Seyfert galax-
ies is motivated by a hypothetical correlation between neutrino and
X-ray fluxes in these objects.

Next to the research for neutrino emission from Seyfert galaxies,
this work includes tests to probe a recently published claim of a ~ 5¢
correlation between neutrinos and blazars from the 5th edition of the
Roma-BZCAT Multifrequency Catalogue of Blazars5 (5BZCAT).67
As opposed to the search for neutrinos from X-ray bright AGN, these
tests use a smaller, publicly available, neutrino data sample consist-
ing of ten years of data.? The data are analyzed using a novel open-
source software interface developed in this work to perform point
source searches with the IceCube data release.

The structure of the thesis is as follows:

Chapter 2 sets the stage for the discussion with an introduction to
cosmic rays, their multi-messenger connections with gamma rays
and neutrinos, and AGN as cosmic-ray sources.

Chapter 3 illustrates a comprehensive multi-messenger picture of
NGC 1068. Through observational and theoretical considerations,
the neutrino emitting region within this X-ray bright and gamma-
ray obscured source is constrained to its central core. Assum-
ing that X-ray emitting AGN could all emit neutrinos with a pro-
duction mechanism similar to NGC 1068, the cosmic X-ray back-
ground is used to produce a model-independent prediction of the
cumulative neutrino background produced by these sources.

Chapter 4 introduces the IceCube neutrino telescope, whose data
have been extensively used in this work. First, the neutrino de-
tection principle is introduced. Then, a description of the main
properties of the atmospheric muon and neutrino backgrounds
produced by cosmic-ray interactions in the atmosphere follows.
The neutrino sample of 9 years of events used by the analysis that
found NGC 1068 in 2022 is extended to include 50% more data.
Besides adding three new years of observations, data acquired in
2010 with an incomplete detector configuration are included in
this analysis for the first time. The data selection, reconstruction
algorithms, and dataset properties are described.
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Chapter 5 details the statistical method for searching neutrino point-
like sources. After an introduction to hypothesis testing based on
unbinned likelihood ratios, we discuss the discovery potential of
the analysis and explain the sky scan method for searching the
most significant cluster of astrophysical neutrinos.

Chapter 6 presents a novel open-source software interface devel-
oped in this work for point source searches with ten years of
IceCube public data. The public neutrino sample is introduced,
followed by a description of the implementation of the likelihood-
ratio test adapted to the format of the data release. The perfor-
mance of the point-source analysis on public data is compared to
published IceCube results.

Chapter 7 describes three different statistical methods to search for
populations of neutrino sources. The first test searches for ex-
cess hotspots in the neutrino sky, with particular focus on an im-
proved simulation strategy developed within this work; the sec-
ond method probes the binomial excess from a population of pre-
selected candidate sources; the third analysis technique searches
for a spatial correlation between neutrino hotspots and blazars.

Chapter 8 finally presents the results from all searches for neutrino
sources using methods introduced in the previous chapters. The
chapter is divided into three main sections:

* Result from the search for a population of hotspots in the North-
ern neutrino sky based on 9 years of IceCube internal data.

* Results of a comprehensive search of point-like neutrino sources
using the extended dataset of 13 years of IceCube internal data.
The search was conducted by a team of analyzers led by the
author of this dissertation, who was also one of the analyzers.
The results include the updated measurement of the neutrino
emission from NGC 1068 with 50% more data and the search
for neutrino emission from a novel selection of 47 X-ray bright
Seyfert galaxies, developed in this thesis.

¢ Results from several tests aimed at probing the claimed discov-
ery of a neutrino-blazar correlation. These results use IceCube
public data using the tool presented in Chapter 6.

Chapter 9 summarizes the main results of this work.






CHAPTER 2. THE HIGH-ENERGY COSMOS 5

A [ /e High-Energy Cosmos

When Victor Hess flew in a balloon up to 5200 meters, he aimed
to demonstrate that the ionizing radiation detected at the Earth’s
surface originated from radioactive decay in the Earth’s crust. Flying
high enough, far from the source, should have resulted in a decrease
in radiation levels. What he observed instead marked the beginning
of modern astrophysics: “[...] the values at the greatest altitude are
about 22 — 24 ions higher than at the ground. [...] The results of
the present observations seem to be most readily explained by the
assumption that a radiation of very high penetrating power enters
our atmosphere from above ...Since I found a reduction ...neither
by night nor at a solar eclipse, one can hardly consider the Sun as
the origin.”".

In 1912, Hess discovered what we now call cosmic rays (CRs):
Highly energetic charged particles that reach the Earth’s atmosphere
from outer space, continuously interacting with its nuclei. The sub-
sequent discovery of additional forms of neutral radiation, such as
gamma rays and high-energy neutrinos, has raised new questions
about the interconnections between these three cosmic messengers.
These discoveries provide compelling reasons for fostering multi-
messenger research approaches to identify the most powerful cosmic
particle accelerators and understand their acceleration and produc-
tion mechanisms.

This chapter provides an introduction to the properties of cosmic
rays, neutrinos, and gamma rays, with a focus on their connections
and candidate sources.

2.1 The cosmic-ray spectrum

Cosmic rays are primarily composed of protons (90%), with approx-
imately 9% of helium nuclei and a small fraction of heavier nu-
clei.3 Astrophysical accelerators produce CRs that we measure at
Earth with energies spanning over eleven orders of magnitude, from
~ 10% eV to over 10 eV.4 The lower energy part of the spectrum
is more abundant, with about 1,000 CRs per square meter per sec-
ond. Their vanishingly small flux eventually reduces to less than
one particle per square kilometer per century at the highest energies.
This vast range in abundance at different energies requires deploying
many instruments, each employing different detection techniques to
measure the total CR spectrum. Direct measurements are possible

' https://cerncourier.com/a/a-discovery-o
f-cosmic-proportions/ The extracts are from
a translation of the original paper by Hess,
taken from Cosmic Rays by A. M. Hillas,
in the series “Selected readings in physics”,
Pergamon Press 1972.

2Hess, “Uber Beobachtungen der durch-
dringenden Strahlung bei sieben Freiballon-
fahrten”.

3 Gaisser, Engel, and Resconi, Cosmic Rays
and Particle Physics: 2nd Edition.

4 Bird et al., “Detection of a Cosmic Ray with
Measured Energy Well beyond the Expected
Spectral Cutoff due to Cosmic Microwave
Radiation”.


https://cerncourier.com/a/a-discovery-of-cosmic-proportions/
https://cerncourier.com/a/a-discovery-of-cosmic-proportions/

5 Aguilar et al., “Precision Measurement of
the Proton Flux in Primary Cosmic Rays
from Rigidity 1 GV to 1.8 TV with the Alpha
Magnetic Spectrometer on the International
Space Station”.

8 Adriani et al., “Direct Measurement of the
Cosmic-Ray Proton Spectrum from 50 GeV
to 10 TeV with the Calorimetric Electron Tele-
scope on the International Space Station”.

7 Abraham et al., “Measurement of the en-
ergy spectrum of cosmic rays above 108 eV
using the Pierre Auger Observatory”.

8 Kawai et al., “Telescope Array Experiment”.

Figure 2.1: Cosmic ray energy spectrum be-
tween 1 GeV and hundreds of EeV. Various
measurements are shown in different colors.
The well-known features of the spectrum are
highlighted. As a reference, the number of
particles per unit of area, time, and solid an-
gle are shown at various energies. Data from
‘https://Ipsc.in2p3.fr/crdb/ .(Maurin et al., “A
cosmic-ray database update: CRDB v4.1”)
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Figure 2.2: The measurements are the same
as in Figure 2.1, however the spectrum
is multiplied by E27, highlighting the slope
changes. The H4a model with its component
is taken from Gaisser, “Spectrum of cosmic-
ray nucleons, kaon production, and the at-
mospheric muon charge ratio”.

9 Adriani et al., “Time Dependence of the
Proton Flux Measured by PAMELA during
the 2006 July-2009 December Solar Mini-
mum”.

'© Gaisser, Engel, and Resconi, Cosmic
Rays and Particle Physics: 2nd Edition.

up to approximately 10 eV and can usually determine the parti-
cle type and precisely measure the energy. These measurements are
conducted at the top of the atmosphere by experiments flown on bal-
loons or satellites, such as AMS-025 and CALET® among the others.
At higher energies, ground-based air-shower detectors instrument-
ing areas of several square kilometers are necessary to measure the
low rate of CR, for example, the Pierre Auger Observatory” or the
Telescope Array.? These detectors identify primary CRs by measur-
ing the shower of particles produced by their interaction with the
atmosphere (secondary CRs), which significantly reduces the preci-
sion in the measurement of the primaries.
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Figure 2.1 shows the overall picture of the CR energy spectrum
that emerges when measurements at different energies from various
observatories are compiled. Although the sources of CRs have not
yet been identified, it is understood that nearly all of them origi-
nate from within the galaxy but outside the Solar System. The so-
lar origin of CRs that dominate the spectrum up to ~ 4 GeV has
been demonstrated by observing temporal coincidences with violent
episodes of solar activity,” while at higher energies, this correlation
disappears. From 10 GeV up, the spectrum can be approximately
described by inverse power-law distributions o« E~7. This spectral
shape, very different from the black body thermal emission, indi-
cates that non-thermal processes accelerate CRs to their extreme en-
ergies.’” Some characteristic features appear in the spectrum, which
is approximated by a power-law with spectral index v = 2.7 up to
~1 PeV but softens to v = 3.1 at ~ 3 PeV (the “knee”) to then harden
again to v = 2.6 beyond ~ 4 EeV (the “ankle”). Finally, it seems to
cut off at hundreds of EeV.


`https://lpsc.in2p3.fr/crdb/'
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The origin of the knee and the ankle is still debated. Still, these
structures are generally believed to be related to changes in the dom-
inant source population accelerating the observed nuclei. CRs with
energies below the PeV are believed to be predominantly produced
within the Milky Way, possibly by galactic supernova remnants, which
reach their maximum acceleration capability around the knee.™* At
this energy, galactic CRs begin their decline in favor of nuclei of ex-
tragalactic origin, which finally emerge at the ankle. Simple dimen-
sional considerations further corroborate the extragalactic origin of
CR beyond the ankle: At EeV energies, CRs have Larmor radii larger
than the size of the Milky Way'?

c e>m E

rp = EZ—B = 7B (2.1)
with momentum p, charge Z, and magnetic field B. If we now define
the rigidity R, i.e., the resistance of a relativistic, charged particle
against deflection in a magnetic field, via

E

=7 (2.2)
we can rewrite Equation 2.1 as
R
=y (2.3)

the rigidity is such that a 10 PeV proton is characterized by a rigid-
ity of 10PV. Consequently, the Larmor radius for a 1EeV proton in
a homogeneous magnetic field with the strength of the Milky Way
(2 — 8 uG™3) is several tens of kpc, which is approximately the size of
the galactic disc. From this perspective, either no galactic source can
accelerate CR beyond the ankle or nuclei accelerated at those ener-
gies reach their critical rigidity (R.) and escape the galactic magnetic
field.™4

A similar argument can be used to study possible nuclear compo-
sitions of the spectrum.’> Several knee-like structures are expected
to appear when different nuclei reach R.."® From Equation 2.2, we
infer that heavier nuclei (with larger Z) reach the critical rigidity at
higher energies than protons. Following this logic, the Hga model”
describes the total differential energy spectrum as the sum of all flux
contributions

¢(E) = Z‘PO,iEiV"@iE/(Z"ERC), (2.4)

where the index i runs over all groups of nuclei and ¢y is the flux
normalizatation of the i-th nuclei. Figure 2.2 shows the Hga model
approximation of the CR spectrum and the contributions of some
groups of nuclei. The observation of a knee-like break of the spec-
trum of the heavy component of primary CR at about 8 x 107 GeV
seems to support this type of modeling.’® At the same time, the high-
energy tail of the spectrum appears compatible with a single contri-
bution from a population of protons. If verified, this would provide
additional confirmation of the sole extragalactic origin of CRs be-
yond the ankle.

" Blasi, “Origin of very high- and ultra-high-
energy cosmic rays”.

2 Halzen and Hooper, “High-energy neu-
trino astronomy: the cosmic ray connection”.

¥ Han et al., “Pulsar Rotation Measures and
the Large-Scale Structure of the Galactic
Magnetic Field”.

* Spurio, Particles and Astrophysics: A
Multi-Messenger Approach.

'S Peters, “Primary cosmic radiation and ex-
tensive air showers”.

'€ Gaisser, “Spectrum of cosmic-ray nucle-
ons, kaon production, and the atmospheric
muon charge ratio”.

7 Ibid.

8 Apel et al., “Kneelike Structure in the
Spectrum of the Heavy Component of
Cosmic Rays Observed with KASCADE-
Grande”.
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trino astronomy: the cosmic ray connection”.

2 Kelner and F. A. Aharonian, “Energy spec-
tra of gamma rays, electrons, and neutrinos
produced at interactions of relativistic pro-
tons with low energy radiation”.
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Figure 2.3: Attenuation length for protons in
the CMB as a function of the proton energy.
The contribution from the A resonance and
the pair production are shown as solid and
dashed lines, respectively. The dotted line
represents the adiabatic losses due to the
expansion of the Universe c/Hj inversely
proportional to the Hubble constant Hy. The
shaded area covers distances at which the
universe is opaque to protons. Data from
Gaisser, Engel, and Resconi, Cosmic Rays
and Particle Physics: 2nd Edition.

2 The distance after which the initial flux de-
creases by 1/e.

2 Dolag et al., “Mapping Deflections of
Ultrahigh Energy Cosmic Rays in Con-
strained Simulations of Extragalactic Mag-
netic Fields”.

The last feature of the spectrum to note is the so-called GZK cutoff,
named after Greisen, and Zatsepin and Kuzmin, who independently
proposed an explanation for it.’9-2° They realized that the Universe
is opaque to the ultra-high-energy (UHE) protons with energies be-
yond ~ 5 x 10!? eV. The most important interaction target for protons
propagating over extragalactic distances are photons of the cosmic mi-
crowave background (CMB). The dominant interaction channel is the
photoproduction of the A resonance via

p+yems = AT = +p, pryems = AT = T 40 (2.5)

above a threshold energy E, of 2Epe, > (m} — m%,) ~ 50 EeV.2" At
lower energy, the production of electron-positron pairs plays a role
as well

p+yems = p+et +e, (2.6)

with a lower energy threshold of ~ 500 PeV but also a smaller cross-
section than photomeson production.>*

Figure 2.3 shows the attenuation length?3 of photons with energies
beyond the ankle. In principle, UHE protons could allow cosmic-ray
astronomy up to < 103 Mpc. However, magneto-hydrodynamical
simulations of cosmic structures have demonstrated that the median
deflection of these protons by extragalactic magnetic fields at a dis-
tance of ~ 500 Mpc is already larger than 1°.24 The rigidity decreases
for lower energies, and connecting CR to their sources becomes im-
possible.

However, inelastic interactions of primary protons with radiation
fields or matter in the source environment produce mesons that fur-
ther decay into neutrinos and gamma rays. This neutral flux of high-
energy particles travels through astrophysical distances heedless of
magnetic fields.

2.2 The cosmic connections

Multi-wavelength photon observations enabled astronomers to study
the cosmos across the electromagnetic spectrum, from radio waves
to gamma rays, and access new astrophysical scales and phenom-
ena. Similarly, multi-messenger astronomy leverages the strengths
of different messengers, providing complementary insights that are
unattainable through any single observational method alone.

In this section, we start with a brief review of the proton interac-
tion processes that produce astrophysical neutrinos and gamma rays
and then continue with an introduction to these two messengers.

Two primary proton interaction processes are believed to be the
origin of the observed neutrinos and accompanying gamma rays:
photo-meson (p — y) and proton-proton (p — p) productions. In the
former, a primary CR proton interacts with ambient photons and
produces pions via

pty—=AT =+ p, and pt+y— AT =t n (2.7)
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The ratio of charged to neutral pions is K = 1. The threshold energy
for a proton to produce a pion is*>

2mymz + m%

Ep,thr ~ , (2.8)

dey

where E, and €, are the proton and photon energies, and m, and
my are the proton and pion masses. If we assume an ultraviolet (UV)
photon field, as it is typical in astrophysical sources as active galactic
nuclei?®, a proton must be accelerated to approximately 100 PeV to
produce a pion. However, given the inverse proportionality between
the proton and the target photon energies, if the proton acceleration
happens in an environment rich in photons with higher energies,
e.g., X-rays in the keV band, the required proton energy for pion
production decreases to ~ 100 TeV.

In p — p interactions, the accelerated proton can interact with am-
bient gas nuclei in inelastic hadronuclear collisions

p+p—>nﬂ[7t0+7t++7t7 +X, (2.9)

where 1 is the pion multiplicity, and X is the hadronic cascade pro-
duced by the nuclear disintegration. In this case, the charged-to-
neutral pions ratio is K = 2. The energy threshold for pion produc-
tion is

My (my +4mp)

, (2.10)
2my

Ep,thr ~ mp +
which is approximately 1.3 GeV, assuming a proton mass of ~ 1 GeV.
Hence, in the frame where the second proton is at rest, the incident
proton needs a kinetic energy of approximately 300 MeV to pro-
duce one pion. Consequently, p — p interactions are kinematically
favored over p — v when possible. However, the rate of both pion-
production mechanisms ultimately depends linearly on the density
of target particles. Therefore, depending on the relative density of
low-energy photons and protons in the source environment, p — 7y
interactions might be favored.?”

In both scenarios, approximately 15 — 20% of the incident proton
kinetic energy is transferred to the pion, roughly corresponding to
the ratio m, / mp.28 The pion will decay and consequently transfer its
energy to the decay products. Neutral pions decay into two gamma
rays

=5+, (2.11)

which will share the parent pion energy equally. Charged pions de-
cay into three high-energy neutrinos (v) and antineutrinos (v) via the
decay chain

nt ot Fvu(vy) (2.12)
with subsequent muon decay

],ti — et +Ve(Ve) + (Vi) (2.13)

25 Assuming natural units, ¢ = 1.

% A description of active galactic nuclei will
be given in Subsection 2.3.3. See there Fig-
ure 2.11 for the conversion of UV (and other
electromagnetic energy bands) energies in
eV.

27 Spurio, Probes of Multimessenger Astro-
physics.

% Kelner and F. A. Aharonian, “Energy spec-
tra of gamma rays, electrons, and neutrinos
produced at interactions of relativistic pro-
tons with low energy radiation”.
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2 Halzen, “High-Energy Neutrinos from the
Cosmos”.

30 Gaisser, Engel, and Resconi, Cosmic
Rays and Particle Physics: 2nd Edition.

3! Morrison, “On gamma-ray astronomy”.

32Velk, F. A. Aharonian, and Breitschw-
erdt, “The Nonthermal Energy Content and
Gamma-Ray Emission of Starburst Galaxies
and Clusters of Galaxies”.

% For simplicity, in this section we refer to
both electrons and positrons as electrons.

34 Bose et al., “Galactic and extragalactic
sources of very high energy gamma rays”.
% Depending on whether the energy 7iow is
well below the rest mass energy of the elec-
tron or not.

Hence, the neutrino flavor ratio at the source is (v, : vy : ve) = (1
2:0). On average, the four final state leptons share the energy of the
charged pion equally. With these approximations, gamma rays and
neutrinos carry respectively 1/2 and 1/4 of the energy of the parent
pion, i.e., (Ev)/(Ey) ~1/2.29

The dependence on the number density of targets for proton in-
teraction is the origin of different neutrino spectra in the two photo-
production scenarios. Equation 2.10 shows that the interaction prob-
ability in p — p collisions does not depend, on first order, on the
proton energy provided that it is greater than the threshold. Con-
sequently, the pion and neutrino spectra show the same power-law
spectra as the parent CR spectrum. On the contrary, the inverse en-
ergy dependence between the proton and target photon energies in
p — v interactions (Equation 2.8) implies that for typical photon spec-
tra dN, /dE « E*, the number density of target photons with energy
above threshold scales as N, ¢,  E. As a consequence, the resulting
neutrino spectrum is flatter than the proton spectrum by a factor of 1:
dNy /dE o« E-7er*(@=1)_ For typical observed photon spectra, a = 2
and hence vy = ycr + 1.3°

It is important to note that in the described framework, hadronic
interactions are necessary to produce neutrinos in astrophysical envi-
ronments. Conversely, gamma rays can be created in purely leptonic
processes, as we will see in the next section. Therefore, while the de-
tection of neutrinos indicates hadron acceleration at the source, the
detection of gamma rays does not necessarily reveal the nature of the
accelerated particles.

2.2.1  The gamma-ray sky

Gamma-rays constitute the highest-energy electromagnetic radiation,
ranging from hundreds of keV to several TeV. They arise directly in
nuclear or high-energy processes at (or in the matter surrounding)
astrophysical sources and yet, being chargeless, travel in straight
lines.3" This makes them one of the most important messengers of
the non-thermal universe, and their study can provide valuable in-
sights into cosmic-ray acceleration. In the previous section, we re-
viewed the gamma-ray generation in hadronic interactions of CRs
through the decay of neutral pions into two photons. However, a
purely leptonic origin is also possible via several interaction pro-
cesses with electrons or ions, abundant in astrophysical source en-
vironments.3*> Assuming an electron33 power-law energy spectrum
o E77, the following processes can produce a gamma-ray spectrum34

® e+ Yiow — €+ Thight Inverse Compton (IC) up-scattering of low
energy photons with relativistic electrons, which transfer part of
their energy to the photons resulting in ¢, « E., (P72 o Py

—(p+1).
E, 35

* e — e+ 79: Synchrotron radiation emitted by electrons in a mag-

netic field, which results in a photon spectrum ¢, « E,, (pH1)/2 ;
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* e+ N — e+ N + 7: Bremsstrahlung radiation produced by the
deceleration/bending of electrons when they pass near a nucleus
N, which results in ¢, « E,, 7.

The Fermi Large Area Telescope3® (Fermi-LAT) has successfully
detected diffuse gamma-ray emission from the Milky Way in the
0.1 — 100 GeV energy range. The diffuse gamma-ray emission is
produced via high-energy CR interactions with interstellar matter
and low-energy radiation fields. The dominant process involves
cosmic-ray protons colliding with hydrogen atoms in the interstel-
lar medium, producing neutral pions that subsequently decay into
gamma rays. The same interactions inevitably produce also charged
pions that decay into neutrinos. Therefore, the Galactic Plane pro-
vides a guaranteed source of neutrinos, which have recently been
detected by the IceCube Neutrino Observatory,37 as we will see in
the next section.

Complementary to the diffuse galactic emission, the integrated
flux from all resolved and unresolved extragalactic gamma-ray sources
is known as the extragalactic gamma-ray background (EGB). This flux is
weaker than the diffuse galactic one. Its spectrum has been measured
with good precision from 100 MeV to 820 GeV by Fermi-LAT.38

Although gamma rays play a crucial role in high-energy astron-
omy, the universe is not transparent to photons of TeV energy and
above. Gamma-rays interact with photons from the extragalactic back-
ground light (EBL) and the CMB, producing electron-positron pairs.
The threshold energy for creating a pair is Ee > (m.c)?, where E and
€ are the gamma-ray and background photon energies, respectively.
As a result, TeV photons are absorbed by the EBL (ranging from UV
to infrared, IR, light), PeV photons by the CMB, and EeV photons
by radio waves. Figure 2.4 shows the attenuation length of gamma
rays as a function of their energy. For context, it includes the dis-
tance to the gamma-ray and neutrino source NGC 106839 and that
of the Galactic Center. Above energies of ~ 100 TeV, the gamma-ray
horizon is essentially limited to the Milky Way and nearby sources.

2.2.2  The neutrino sky

Neutrinos are neutral fermions characterized by tiny masses, which
have not yet been precisely measured.4® They are produced through
weak interactions and exist in three leptonic flavors, ve, vy, and v,
interacting solely via the weak force with minimal cross-sections.
While this makes their detection rather challenging, it also renders
these particles ideal astrophysical messengers. Like gamma rays,
they are unaffected by magnetic fields, and their low interaction
probability means they are not attenuated en route to Earth.

In 2013, the IceCube collaboration discovered a flux of high-energy
astrophysical neutrinos originating beyond our galaxy.#* The isotropic
distribution of the observed events supports their extragalactic ori-
gin. From a simplified perspective, sophisticated IceCube analyses
aiming at measuring the astrophysical diffuse neutrino background

3 Atwood et al., “The Large Area Telescope
on the Fermi Gamma-Ray Space Telescope
Mission”.

37 The IceCube detector is reviewed in detail
in Chapter 4.

% Ackermann et al., “The Spectrum of
Isotropic Diffuse Gamma-Ray Emission be-
tween 100 MeV and 820 GeV”.

3% Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068"
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Figure 2.4: Attenuation length for gamma
rays in the EBL (blue) CMB (light blue) as
a function of the photon energy. For com-
parison, the distance of the Galactic Cen-
ter (GC) and of the well-known source NGC
1068 are indicated as a dashed solid line.
Above 100 TeV, the observable universe is
limited to our galaxy.

40 Most recent results by the KATRIN col-
laboration place an upper limit on the v,
mass at 0.8 eV (Katrin Collaboration, “Di-
rect neutrino-mass measurement with sub-
electronvolt sensitivity”)

“!'lceCube Collaboration, “Evidence for
High-Energy Extraterrestrial Neutrinos at the
IceCube Detector”.
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42 See Section 4.2.

43 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”

4 Aartsen et al., “Characteristics of the Dif-
fuse Astrophysical Electron and Tau Neu-
trino Flux with Six Years of IceCube High En-
ergy Cascade Data”

“Naab et al., “Measurement of the astro-
physical diffuse neutrino flux in a combined
fit of IceCube’s high energy neutrino data”.

Figure 2.5: Left: Number of events per
reconstructed energy bin. The events are
induced by muon neutrinos and fitted as-
suming that the sum of an atmospheric and
an astrophysical component contributes to
the total observation (Abbasi et al., “Im-
proved Characterization of the Astrophysi-
cal Muon-neutrino Flux with 9.5 Years of
IceCube Data”). Right: Best-fit flux normal-
ization at 100 TeV and spectral index with
the corresponding 2D uncertainties as differ-
ent IceCube analyses have measured them.
The dashed (solid) lines represent the 68%
(95%) confidence contours. The measure-
ment obtained on a sample of high-energy
events with vertex contained in the detector
(starting tracks, dark blue) is from Schnei-
der, “Characterization of the Astrophysical
Diffuse Neutrino Flux with IceCube High-
Energy Starting Events”. Other references
for the data can be found in the text.

46 Stecker, “Diffuse fluxes of cosmic high-
energy neutrinos.”

47 Berezinsky et al., “Diffuse radiation from
cosmic ray interactions in the galaxy”.

8 lcecube Collaboration, “Observation of
high-energy neutrinos from the Galactic
plane”.

leverage the difference in the spectral shape between the atmospheric
and astrophysical neutrino fluxes. Atmospheric neutrinos originat-
ing from the interaction of primary CRs with nuclei of the Earth’s at-
mosphere represent the largest background for neutrino telescopes.+>
They outnumber the astrophysical signal by up to three orders of
magnitude at reconstructed energies < 100 TeV, as seen in the left
panel of Figure 2.5. However, the atmospheric flux falls steeply with
increasing energy, and eventually, the astrophysical signal emerges.
The astrophysical flux is usually modeled as an unbroken power-law

¢(E) = ¢! (E )%m (2.14)
100TeV ’

with flux normalization at 100 TeV ¢'%0TeV

and spectral index 7astro-
The most recent measurement has been provided by an all-flavor
combined fit of independent v,-induced*3 and v,-/v.-induced4+
event samples. It provides the most stringent constraint on the astro-
physical flux parameters to date, ¢'%0TeV = 1.80f8}2 x 10718 Gev~!

ecm~—2 s71 gr~1 and Yastro = 2.52 £ 0.04.45> A summary of the astro-
physical diffuse flux measurements obtained over the years is illus-

trated in the right panel of Figure 2.5.
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A high-energy flux of cosmic neutrinos is now established and
well-constrained from a few TeV up to several PeV. We previously
mentioned that a neutrino flux of galactic origin, produced in the
decay of neutral pions together with gamma rays, is expected.4¢47 In
addition to the predicted diffuse emission, the Milky Way is densely
populated with numerous high-energy gamma-ray sources, includ-
ing potential CR accelerators and candidate neutrino sources. Con-
sequently, the Galactic Plane has long been anticipated as a source
of neutrinos. The IceCube detection at 4.50 level of significance
of neutrino emission from the Galactic Plane came a year ago, in
202348 The most significant result is found under the assumption
that the 77° component of the diffuse gamma-ray emission o E 27
can be extrapolated with the same spatial emission profile at TeV
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energies, where The IceCube detector is sensitive. The analysis of
the data constrains the normalization of the galactic neutrino flux to
Pan ¢ = 218753 x 1071 GeV em 2 57

Figure 2.6 compares the flux levels of three different neutrino
emission components: the total diffuse emission, the galactic diffuse
emission, and an exemplary point-like emission.

The recently measured diffuse galactic emission contributes ap-
proximately 17% of the astrophysical flux at 5 TeV. In contrast, the
flux from the most luminous point-like source in the extragalactic
neutrino sky at ~ 1 — 10 TeV49 accounts for less than 1% of the total
unresolved emission.

To date, only two point-like sources have been associated with
IceCube neutrinos with significance larger than 3o, the blazar TXS
0506+056°%5" and the non-jetted galaxy NGC 1068.>> They belong
to the class of astrophysical objects known as active galactic nuclei
(AGN) (see Subsection 2.3.3), which, as we will see in Chapter 3,
could potentially explain the vast majority of the total astrophysical
neutrino emission.

Astrophysical neutrino flavor ratio at Earth

In Equation 2.12 and Equation 2.13, we derived a neutrino fla-
vor ratio (ve : vyt vr) = (1 : 2 : 0) expected at the astrophysical
source. However, in the previous section, we discussed measure-
ments of all-flavor neutrino fluxes, which suggest a change in the
flavor composition by the time these neutrinos reach Earth. Flavor
changes are possible because neutrinos have tiny and yet non-zero
masses, enabling them to oscillate among different flavor states.>3
The flavor states can be expressed as a superposition of the neutrino

mass states through the mixing, unitary matrix U>*

41 Ve
w|=ulv. |, (2.15)
Vs Vr

which is parametrized by three mass mixing angles and a CP-violating
phase.> A time-dependent Schrodinger equation describes the prop-
agation of the neutrino mass eigenstate in the vacuum. The transition
probability for a neutrino of energy E and flavor « to be detected with
flavor B after it travelled a distance L can be expressed as function of
L/E as*®

. o\ .o Am%].L
Pusp = bup —4 Y Re (UpiUpilyyUg; ) sin® | — (2.16)
i>j
i L [AmEL
+2 Zlm (umu,giuajuﬁj) sin oF , (2.17)
i>j

where Amlz]- = m]2 — m? and i,j run over the mass eigenstates. The

L/E ratio determines the frequency of the oscillation. For high-
energy neutrinos traveling over astrophysical distances, it is useful
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Figure 2.6: Comparison of different, all-
flavor, astrophysical neutrino fluxes inte-
grated over the whole sky. The diffuse flux
from the Galactic Plane (light blue) is com-
pared to the total neutrino flux (dark blue).
The references are in the text. The flux of a
point-like neutrino source, NGC 1068 in yel-
low, is displayed for comparison as well (Ab-
basi et al., “Evidence for neutrino emission
from the nearby active galaxy NGC 1068”).
4% Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

0 JceCube Collaboration et al., “Multimes-
senger observations of a flaring blazar co-
incident with high-energy neutrino lceCube-
170922A".

5" lceCube Collaboration et al., “Neutrino
emission from the direction of the blazar TXS
0506+056 prior to the IceCube-170922A
alert”.

52 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

5 Pontecorvo, “Inverse beta processes and
nonconservation of lepton charge”.

54 Maki, Nakagawa, and Sakata, “Remarks
on the Unified Model of Elementary Parti-
cles”.

% Gaisser, Engel, and Resconi, Cosmic
Rays and Particle Physics: 2nd Edition, p.
153.

% |bid., p. 154.
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57 Karim and Mamajek, “Revised geometric
estimates of the North Galactic Pole and the
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Figure 2.7: Neutrino flavor oscillations as
a function of the distance over energy in
astrophysical units. The initial flavor ratio
(Ve : vt vg) = (1 : 2 :0) converges
to (Ve : Vgt vg) = (1 :1: 1) af-
ter ~ 1072 pc. The shaded bands repre-
sent the propagation of the 1 ¢ uncertainties
on the current best-fit oscillation parameters
(Esteban et al., “Global analysis of three-
flavour neutrino oscillations: synergies and
tensions in the determination of 0 73, ¢ cp,
and the mass ordering”).

58 Abraham et al., “Measurement of the en-
ergy spectrum of cosmic rays above 108 eV
using the Pierre Auger Observatory”.

5 Waxman and Bahcall, “High energy neu-
trinos from astrophysical sources: An upper
bound”.

8 Waxman, “Cosmological Origin for Cosmic
Rays above 1012 eV”.

to convert it to more convenient units:

Lo 309x107 L2V (2.18)

E pc E

Figure 2.7 illustrates the evolution of the v,./v, and v/v, flavor
ratios starting from (v, : vy, : v¢) = (1:2:0). After ~ 1072 pc, the
flavor ratio of 1 PeV neutrinos converges to (ve : vyt ve) = (1:1:
1). Therefore, the approximation that we observe an astrophysical
neutrino flux with equal contribution from each flavor holds for any
source farther than 10~2 pc. Exemplarily, the Earth is approximately
8 kpc away from the galactic center and ~ 20 pc above the Galactic
Plane>7.
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2.2.3 Multi-messenger astronomy

The measurements of the diffuse UHECR energy spectrum by the
Pierre Auger Observatory established a spectral cut-off above 101%2 eV,
compatible with what is expected from the GZK energy losses due
to interactions with CMB photons.5® Since 2008, the Fermi satellite
has been tracking a diffuse gamma-ray background extending into
the sub-TeV range. Finally, since 2012-2013, IceCube has been de-
tecting a diffuse high-energy neutrino background of astrophysical
origin from multi-TeV to PeV energies. When looking at these mea-
surements collectively in Figure 2.8, the energy densities of the three
messengers reach comparable levels. This tantalizing connection pro-
vides ideal conditions for multi-messenger studies.

Based on the observed energy densities of UHE cosmic rays, Wax-
mann and Bahcall could derive an upper bound to the higher energy
neutrino. This limit is entirely independent of the specific source en-
vironment and conditions.>® The idea is that the production rate of
UHE CR can be estimated from the measured energy density under
the assumption that the CR sources follow a homogeneous cosmo-
logical distribution® and that extragalactic protons dominate UHE
CRs. These protons could be embedded in environments that act
as “traps” for lower energy protons (< 1 EeV) due, for example, to
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magnetic fields. While confined within their trap, protons can pro-
duce pions and, therefore, gamma rays and neutrinos via collisions
with gas. If the pion production efficiency is maximal (100%), the
entire energy carried by trapped CRs could be converted into that
of gamma rays and neutrinos in a calorimetric limit. This calori-
metric limit, known as the Waxman-Bahcall limit, corresponds to a an
all-flavor neutrino energy density®®

E%g{;V(EV) ~2x 1078 GeV cm_Zs_lsr_l, (2.19)

illustrated in Figure 2.8 as a dotted-dashed green line, which is well
consistent with the latest measurement of a diffuse flux of muon
neutrinos only®? (orange shaded area).

On the other end of the spectrum, the large neutrino flux in the
range of 10 — 100 TeV challenges a possible trivial connection to the
isotropic gamma-ray background (IGRB). Such excess is visible in
the latest best-fit neutrino flux resulting from a combined fit of a
multi-flavor neutrino sample,®3 shown as a red-shaded area.

The total neutrino and gamma-ray fluxes from pion decays are
related by®

ddy _ 1d9,
By g, o 2By |

(2.20)

Assuming that the total IGRB is induced by photons from the decay
of neutral mesons within optically transparent sources, a maximally
possible neutrino flux from the same population can be estimated
according to Equation 2.20. This limit is illustrated as a dashed blue
line in Figure 2.8.
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Despite suggesting a powerful connection between the gamma-
ray and neutrino backgrounds, the relation in Equation 2.20 can
have only minimal practical application, primarily for three reasons.
First, the assumption that all IGRB photons come from pion de-
cays does not hold, as significant contributions to the EBL are at-
tributed to purely leptonic gamma rays. Second, as discussed in
Subsection 2.2.1, TeV gamma-ray emission is attenuated to sub-TeV

5 Waxman and Bahcall, “High energy neu-
trinos from astrophysical sources: An upper
bound”.

52 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”.

% Naab et al., “Measurement of the astro-
physical diffuse neutrino flux in a combined
fit of IceCube’s high energy neutrino data”.
5 Ahlers and Halzen, “Opening a new win-
dow onto the universe with IceCube”.

Figure 2.8: Observed spectral energy distri-
bution of diffuse gamma rays, high-energy
neutrinos, and UHECRs. The IGRB, neu-
trino, and UHE CR data are from Ackermann
et al., “The Spectrum of Isotropic Diffuse
Gamma-Ray Emission between 100 MeV
and 820 GeV”, Maurin et al., “A cosmic-ray
database update: CRDB v4.1”, Abbasi et
al., “Improved Characterization of the Astro-
physical Muon-neutrino Flux with 9.5 Years
of lceCube Data”. The description of the dif-
ferent lines can be found in the text. The
figure is adapted from Ahlers and Halzen,
“Opening a new window onto the universe
with IceCube”, where more details can be
found.
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% Spurio, Probes of Multimessenger Astro-
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59 Fermi, “On the Origin of the Cosmic Radi-
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physics, p. 233.

energies in pair-production processes with the EBL and CMB,% thus
making the connection between the intensities from the two messen-
gers non-trivial. Finally and most importantly, the approximation of
completely transparent sources is immediately challenged by the fact
that fields of optical/UV photons are expected in many astrophys-
ical source environments, as we will see in Section 2.3. Similarly
to the case of attenuation with the EBL, TeV gamma rays become
prone to absorption already within the source due to pair-production
processes, whose cross-section is ~ 10* times larger than the cross-
section for photo-meson production. At the same time, neutrinos
associated with the absorbed gamma rays can escape unbothered.
The idea that neutrinos may be produced in the cores of AGNs
by photo-meson interaction of protons accelerated to high energy
has been revived to explain the diffuse neutrino excess at tens of
TeV.%6 In this scenario, neutrinos are produced close to the central
black hole where the proton photo-meson optical depth is very high,
Tpy ~ 100. In such conditions, the observation of high-energy neu-
trinos in combination with the non-detection of an accompanying
flux of gamma rays as expected from Equation 2.20 is an example of
a powerful application of multi-messenger constraints to shed light
on the production mechanisms of astrophysical source populations.
Further confirmation of the theory would come from the detection
of the original gamma-ray flux at lower energies, possibly hard X-
rays of MeV photons.67 The case of NGC 1068, the first ever detected
“hidden” neutrino source, is discussed in detail in Chapter 3.

2.3 Astrophysical accelerator candidates

The mechanism that accelerates CRs has to energize particles from a
thermal population so that they occupy a non-thermal high-energy
tail that follows the observed spectral shape of a power-law. Acceler-
ation by electric fields is not possible in astrophysical environments,
where the matter is in the state of a completely ionized medium with
high electrical conductivity where free charges rapidly re-arrange to
reach overall neutrality.®®

It was Enrico Fermi who proposed that charged particles undergo-
ing a series of scattering events with moving clouds of gas or crossing
a shock front separating stellar material could be accelerated to rel-
ativistic energies.®97° As magnetic fields are almost omnipresent in
astrophysical objects, they can provide magnetic irregularities for the
particles to scatter back and forth across the shock front. The space/-
time variations of the magnetic field imply the existence of transient
electric fields (V x E = —dB/9dt), which can accelerate charged par-
ticles.”" This type of diffusive shock acceleration (DSA) can be applied
to the shock waves produced, for example, in supernova explosions
or gamma-ray bursts.

Although several other mechanisms have been proposed, diffuse
acceleration mechanisms are convincing as they naturally lead to
a universal E~2 spectrum. Once convolved with the effects of the
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propagation through the galaxies and after accounting for possi-
ble inefficient situations, the predicted spectral index softens to ~
2.6,7* consistent with the observations (see Figure 2.1). Most im-
portantly, diffusive acceleration does not require the injection of any
pre-accelerated seed particles but increases the energy of particles
directly from the thermal population.

The maximum energy attainable by a particle of charge Z is al-
ways a function of its Larmor radius (see Equation 2.1). The particle
must be confined within the acceleration site long enough to gain the
energy needed to explain the highest energy cosmic rays. When the
particle’s energy is such that its Larmor radius exceeds the size of
the accelerator, the particle escapes the acceleration site. The Hillas
criterium?3 formalizes the concept by constraining the maximum ac-
celeration energy of a potential source depending on its magnetic
field B and size of the acceleration/confinement region R:

Emax = ZBB <yGG> R (kiw) EeV, (2.21)
where B = v/c is the velocity of the particle in terms of a fraction
of the speed of light. Therefore, the magnetic field should be very
strong to reach EeV energies in a small source and vice versa. Prac-
tically, this relation translates into the famous Hillas plot, where the
maximum attainable energy for a given nuclear charge Z is approxi-
mately equal to the product of B and R. Figure 2.9 shows the relation
between these two quantities needed to accelerate relativistic protons
(Z =1 and B = 1) to the highest energies observed. Potential accel-
erators are placed on the diagram based on their properties: Sources
in the lower left corner, below the line corresponding to a certain
maximal energy, cannot provide the corresponding acceleration.
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At the same time, the diagram identifies a variety of astrophysical
objects that are potential source candidates. In the following sections,
we introduce a few candidate extragalactic CR and neutrino sources,

72 Gaisser, Engel, and Resconi, Cosmic
Rays and Particle Physics: 2nd Edition.

" Hillas, “The Origin of Ultra-High-Energy
Cosmic Rays”.

Figure 2.9: Adaptation of the Hillas plot
showing classes of astrophysical objects that
can provide confinement regions of the right
size in appropriate magnetic fields to pro-
duce high-energy protons (Z = 1 and g =
1). Lines of different colors indicate B -
R = Epnax = const for different configura-
tions of the accelerator parameters R and B.
The maximum observed cosmic-ray energy
of ~ 10% eV is highlighted for protons and
iron nuclei as solid and dashed black lines,
respectively. Figure adapted from Huber,
“Multi-Messenger correlation study of Fermi-
LAT blazars and high-energy neutrinos ob-
served in IceCube”.
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namely gamma-ray bursts, starburst galaxies, and AGN. The latter
two are of particular interest for this work as both the starburst com-
ponent and the AGN of the brightest extragalactic neutrino emitter
identified to date, NGC 1068,74 are evaluated as candidate neutrino
sources in Section 3.1.

2.3.1  Gamma-ray bursts

Among the extragalactic candidates, it is worth mentioning gamma-
ray bursts (GRBs), the most energetic transient eruptions observed in
the universe’>. The mechanism that produces bursts is likely initi-
ated by the collapse of a rapidly rotating massive star or the merging
of massive binary systems. The shock dissipates the kinetic energy
of the relativistically expanding blast waves generated by the new-
born central compact object (e.g., a black hole or a neutron star) and
produces non-thermal electrons through DSA. A bright gamma-ray
emission is then created through synchrotron emission of the accel-
erated electrons. In principle, internal shocks can also accelerate
non-thermal protons, which are expected to produce high-energy
neutrinos via photohadronic collisions.”® The brightest GRB ever
observed happened recently, in October 2022.77:7879 On that occa-
sion, the Large High Altitude Air Shower Observatory (LHAASO)
observed photons with energies 2 10 TeV from a GRB for the first
time.8° However, not even this extremely powerful event was asso-
ciated with high-energy neutrinos.8* This non-observation poses se-
vere constraints on hadronic acceleration in the same source region
where gamma rays are produced.??

2.3.2  Starburst galaxies

Global emission of most galaxies across a large part of the electro-
magnetic spectrum from radio to gamma-ray energies is related to
the formation and destruction of massive stars. Starburst galaxies
(SBs) are characterized by kpc-scale regions of especially intense star-
forming (SF) activity (100 — 1000 Moyr~! compared to the average
1—5 Mgyr~! of quiescent galaxies like the Milky Way) powered by
a high supernova rate.®3 The main tracer of this activity is the far-
IR emission,? originating from the absorption of UV/optical light
from the galaxy by clouds of dust. Far-IR emission dominates the
spectral energy distribution of SBs. However, numerous supernovae
and supernova remnants provide both the relativistic electrons and
the magnetic fields necessary for synchrotron emission, appearing at
radio frequencies.®5

In SBs, CR protons are accelerated in processes creating stellar
remnants, like pulsars, pulsar-wind nebulae, and supernova rem-
nants, and can then participate in p — p inelastic collisions with the
ambient gas. Therefore, the production of neutrinos and gamma rays
from pion decays is expected in SBs. A purely leptonic scenario is
also viable, with electrons producing gamma rays via bremsstrah-
lung or by IC upscattering of low energy photons.?® Hence, SBs clas-
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sify as some of the most promising sources of high-energy CRs in the
nearby universe, and indeed 0.1 — 100 GeV gamma-ray emission has
been resolved from a few starburst galaxies by Fermi-LAT.87 Neutri-
nos have been detected from one starburst galaxy, NGC 1068.88 From
the same source, a steady flux of gamma rays has been constantly de-
tected over the years by Fermi-LAT.89 However, as will be discussed
in Chapter 3, while the gamma-ray flux convincingly originates from
the SB, the observed neutrinos are unlikely to be produced in the
same source. Additionally, multi-wavelength studies have shown
that the contribution of starburst galaxies to the astrophysical neu-
trino flux at 100 TeV cannot exceed more than ~ 30%.9° The con-
straint is mainly driven by the observation that the vast majority of
the extragalactic Fermi-LAT detected gamma rays is already associ-
ated with blazars," which limits the amount of high-energy gamma
rays that should accompany a neutrino flux in starburst galaxies.

2.3.3 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are luminous astrophysical sources
whose spectral energy distributions span the entire electromagnetic
spectrum, from radio waves to TeV gamma rays.9* They are the most
powerful, non-explosive sources in the universe, with bolometric lu-
minosities3 reaching up to Lpy &~ 10%® erg/s. Throughout the pre-
vious century, multiple different features in the AGN spectra led
to their classification into a large variety of sub-classes. Despite
their diversity, AGN share some important characteristics: 1. Their
luminous energy emission cannot originate from nuclear fusion in
stars; 2. They exhibit strong and often Doppler-broadened emission
lines in their spectra, indicative of fast-moving, obscuring material; 3.
Their highly variable emission suggests small emitting regions with
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Figure 2.10: A schematic view of the differ-
ent classes of AGN depending on the view-
ing angle and the presence or absence of
a strong, relativistic jet. The main struc-
tures of the AGN, described in the text, are
indicated. Abbreviations not explicitly men-
tioned in the text are BLRG and NLRG,
standing for Broad and Narrow Line Ra-
dio Galaxy, respectively. Adapted from Urry
and Padovani, “Unified Schemes for Radio-
Loud Active Galactic Nuclei” and reprinted
with permission from Glauch, “The Origin
of High-Energy Cosmic Particles: IceCube
Neutrinos and the Blazar Case”.
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Figure 2.10 proposes a schematic view of AGN, which we can
generally conceptualize by combining a handful of components that
span a wide range of physical scales. Each structure can be probed by
studying different components of the broadband spectral emission
of AGN, which are illustrated in Figure 2.11 for various classes of
sources. In the following, we describe the main physical structures
of the AGN and connect them to their respective photon fluxes.

The spinning supermassive (Mpy > 10° M) black hole (SMBH)
at the center of the galaxy powers the AGN by actively accreting
hot gas and plasma. The mass of the black hole sets the Eddington
limit, that is the maximum luminosity of a source when the outward,
accretion-induced radiation pressure is balanced by the inward grav-
itational force:94

471G Mpympc M
Lpag = % ~ 1.26 x 1038M—B§ erg/s, (2.22)

where G is the gravitational constant, my, is the proton mass, and
or is the Thomson scattering cross section on electrons. The SMBH
extends on 1077 — 1073 pc scales.

The accretion disc surrounding the SMBH is formed by the accret-
ing material. Highly variable emission ranging from optical to soft
X-rays originates from the geometrically thin but optically thick ac-
cretion disc. It results in the so-called blue bump shown in Figure 2.11
as a dashed-dotted line. The accretion disc extends up to ~ 1 pc.
Within this same distance, clouds of hot gas of the broad line region
(BLR) moving at supersonic velocities are ionized by the intense ra-
diation from the accretion disc. The large velocities produce strong,
Doppler-broadened emission lines in the optical spectra of AGN. In
contrast, the narrow line region (NLR) is located further away from
the black hole (up to several hundred parsecs), thus having lower
densities and moving at lower velocities.9>

The corona is a compact region of diffuse, high-energy plasma
of hot (= 10° K) electrons situated close to the supermassive black
hole, typically above and below the accretion disc. It extends up to
107> pc scales and is responsible for the highly variable emission
of non-thermal X-rays through inverse Compton upscattering of UV
photons from the disc. The emission extends from soft to hard X-
rays, as seen from the dotted line in Figure 2.11, and its intrinsic
spectrum is modified by a reflection bump at around 30 keV caused
by interaction with matter. As more accretion power is fed into the
electrons, their temperature increases and the upscattered photons
obtain higher energies. The process continues until the X-ray pho-
tons reach the threshold energy for producing electron-positron pairs
in a runaway process that converts the additional luminosity into an
increased number of pairs instead of increased temperature. There-
fore, v — v collisions act as a thermostat that limits the source tem-
perature and thus also the maximum X-ray energy, introducing a
spectral cutoff at a few hundred keV.9°
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A torus of gas and dust surrounds the central engine, extending
approximately from 1 to 10 pc beyond the BLR. The dust reprocesses
the emission from the accretion disc into the IR bump shown as a
dashed line in Figure 2.11. It plays a fundamental role in the unified
model of AGN,97 as the orientation of the dusty torus with respect
to the line of sight drives the different optical spectral features of
type 1 and type 2 AGN. Depending on whether we see the galaxy
face-on (directly into the SMBH) or edge-on (through the torus),
AGN are classified as type 1 or type 2, respectively. Optical spec-
tra of type 2 AGN exhibit only narrow emission lines because the
dusty torus completely obscures the broad line region. Very high
gas and dust column densities can obscure even the X-ray emission
from the corona, especially the softer one (see Section 3.1 and Subsec-
tion 8.2.3). Importantly, host galaxies with high SF activity can rival
the luminosity of the AGN in the IR band. However, SF galaxies (e.
g., starburst galaxies, Subsection 2.3.2) usually dominate the lower
energy IR band (far IR), while the AGN is prominent in the mid-IR.
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Two relativistic jets of accelerated particles can be emitted from
the AGN core perpendicularly to the disc and can extend up to
~Mpc scales. “Jetted” AGN exhibit enhanced emission in the ra-
dio and gamma-ray energy bands. They are rather rare, as less than
10% of all AGN are “jetted”.98 When the jet points at the Earth with
an opening angle of 15 —20°, we call the AGN a blazar. Contrary
to non-jetted AGN,% the spectral energy distribution of blazars is
dominated by the non-thermal emission with a characteristic double-
humped shape that hides completely any contributions from the host
galaxy or the accretion mechanism. The first peak is associated
with synchrotron emission of relativistic electrons, and depending
on its position, blazars are further classified as high-/intermediate-
/low-synchrotron peak blazars (HSP/ISP/LSP), with the thresholds
at ~ 10" Hz and ~ 10'® Hz (equivalent to 0.4 eV and 4.1 €V). The

7 Urry and Padovani, “Unified Schemes for
Radio-Loud Active Galactic Nuclei”.

Figure 2.11: Schematic illustration of the typ-
ical spectral energy distribution for different
classes of AGN: Blazars of the HSP (red)
and LSP (rose) type and a non-jetted AGN
(blue). Features from the disc-corona ac-
cretion and the dusty torus are illustrated as
different non-solid lines as described in the
legends. Note that their normalization rela-
tive to the total emission from a non-jetted
AGN is slightly scaled down for better fig-
ure readability. The shading in the back-
ground represents different energy bands
in the electromagnetic spectrum. Figure
adapted from Padovani et al., “Active galac-
tic nuclei: what's in a name?”

% Padovani, “On the two main classes of ac-
tive galactic nuclei”.

% AGN that do not exhibit any jet-like feature
or have only weak, non-relativistic, sub-kpc
jets.
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nature of the second hump is more uncertain: In a fully leptonic
scenario, it is attributed to IC scattering of the synchrotron photons
on the plasma of relativistic electrons (synchrotron self-Compton),
while a complementary hadronic scenario could explain the high-
energy peak via the production of 71°.1° In the latter case, blazars
become high-energy neutrino emitters. Exemplary spectral shapes
of an LSP and an HSP blazar are illustrated as rose and red lines,
respectively, in Figure 2.11. Finally, blazars showing strong optical
emission lines are called flat spectrum radio quasars (FSRQs), while
featureless optical spectra are typical of BL Lac type blazars™”.

The most abundant class of non-jetted AGN is the one of Seyfert
galaxies. These AGN have a low luminosity ratio between the central
core and the host galaxy. Hence, their spectral emission is usually
contaminated by contributions from the galaxy, typically due to star

formation.1°?

Seyfert galaxies are further classified as type 1 or 2
based on the width of the emission lines in their optical spectra. As
mentioned in the description of the dusty torus component of AGN,
this distinction is only apparent and not intrinsic, fundamentally due
to our viewing angle of the galaxy with respect to the torus.

Finally, it is important to mention that many (possibly most) AGN
also show large-scale outflows/winds of matter driven by the central
BH,193-1%4 which are both less collimated and slower than relativistic
jets. Outflows play a significant role in galaxy evolution as they may
quench the star formation and starve the AGN through the lack of
available material for accretion. They come in various “phases” char-
acterized by different temperatures and compositions such as ion-
ized, atomic, and molecular. AGN outflows are accelerated through
shock acceleration by the radiation fields surrounding the SMBH and
can cover distances that go from 1072 to 10® parsec.°5 Outflows ve-
locities have been measured ranging from ~ 102 km s~! up to semi-
relativistic speeds of ~ 0.3c for ultrafast outflows (UFOs). " If protons
are being accelerated in the outflow shells that constitute the shock,
they can undergo inelastic collisions and produce pions that will in
turn generate neutrinos and gamma rays. Several studies have pro-
posed hadronic acceleration models for outflows. 7:198:199 However,
to not violate the measured flux from other cosmic messengers, these
studies suggest that the maximum contribution to the EGB and the
diffuse neutrino flux are limited to 20 — 30%.
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B NGC 1068: A Non-Jetted AGN as a

Cosmic Laboratory

Disclaimer: This part of the thesis is mainly based on discussions
that happened during the Topical Workshop on NGC 1068 held at the
Munich Institute for Astro-, Particle and BioPhysics in Garching on
March 6 — 10, 2023". Out of that meeting, organized by the author
of this thesis, we wrote the review paper Padovani, Resconi, Ajello,
Bellenghi, et al. Supermassive black holes and very high-energy neutrinos:
the case of NGC 1068,> which has been accepted for publication in
Nature Astronomy. Our work inspires the structure of the first half of
this chapter, although we refer the reader to the paper and references
therein for additional details.
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In 2022, with the IceCube collaboration, we reported evidence for
TeV neutrino emission from the nearby prototypical Seyfert 2 galaxy
NGC 1068,3 a non-jetted AGN,* showing vigorous starburst (SB) ac-
tivity.> This detection is of special importance to this dissertation, as
part of the studies discussed in Chapter 8 are motivated by NGC
1068 currently being the most significant extragalactic source in the
neutrino sky. Here, this cosmic accelerator is discussed in more de-
tail.

' https://indico.ph.tum.de/event/7179/.

2 Padovani, Resconi, Ajello, et al., “Super-
massive black holes and very high-energy
neutrinos: the case of NGC 1068”.

Figure 3.1: Neutrino significance map
around the location of NGC 1068. The white
cross marks the most significant neutrino
emission. The 68% and 95% confidence re-
gions are outlined in white. NGC 1068 is
marked by a red dot, with the red circle rep-
resenting the optical size of the galaxy host-
ing the AGN. On the right, the two insets
show an image of the spiral galaxy and an il-
lustration of its active nucleus surrounded by
the dusty torus. lllustration reproduced from
NASA/JPL-Caltech.

3 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”

4We follow Padovani, “On the two main
classes of active galactic nuclei” who pointed
out that the distinction between radio-loud
and radio-quiet AGN should be replaced by
the one between jetted and non-jetted AGN.
In fact, the difference in radio power is dom-
inated by the presence or lack of a strong,
relativistic jet.

5 Neff et al., “Ultraviolet Imaging of the AGN
+ Starburst Galaxy NGC 1068”.
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8 This is a typical resolution to a strong point-
like source emission of dedicated IceCube
analyses, see Abbasi et al., “Evidence for
neutrino emission from the nearby active
galaxy NGC 1068” for more details.

7 See Subsection 8.2.1 for a description of
the selection criteria.

8 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

9 See Subsection 2.3.3 for a brief summary
of the classification of AGN classes and their
properties, and Giommi and Padovani, “As-
trophysical Neutrinos and Blazars” for a re-
view on blazars.

0 Aartsen et al., “Characteristics of the Dif-
fuse Astrophysical Electron and Tau Neu-
trino Flux with Six Years of IceCube High En-
ergy Cascade Data”.

"lnoue et al., “On High-energy Particles
in Accretion Disk Coronae of Supermassive
Black Holes: Implications for MeV Gamma-
rays and High-energy Neutrinos from AGN
Cores”.

12 Murase, “Hidden Hearts of Neutrino Active
Galaxies”.

'8 Kheirandish, Murase, and Kimura, “High-
energy Neutrinos from Magnetized Coro-
nae of Active Galactic Nuclei and Prospects
for Identification of Seyfert Galaxies and
Quasars in Neutrino Telescopes”.

4 Seyfert, “Nuclear Emission in Spiral Nebu-
lae.”

We performed an all-sky search for point-like neutrino sources
in the Northern sky and found the most significant emission to be
located 0.11° away from NGC 1068° (Figure 3.1). The source was
part of a predefined list of gamma-ray emitters searched for point-
like emission in the context of that work.” The emission from the
direction of NGC 1068 showed incompatibility at 4.2 with the at-
mospheric and diffuse astrophysical neutrino background assump-
tion. Under the assumption of a single power law, we measured the
muon-neutrino energy flux from NGC 1068 at 1 TeV, which has a
best-fit normalization (])},Eivvu = (5.0+15) x 107" TeV-lcm 257!
and a best-fit spectral index v = 3.2 £ 0.2 in the energy range be-
tween 1.5 and 15 TeV. This flux corresponds to an equivalent all-
flavor isotropic neutrino luminosity

'Emax
L = 47D? / Evel ™ (Ey)dE, = 1021202 erg /s (3.1)

min

in the same energy range, with Dp = 10.1 Mpc and ¢, T = 3 x
1 TeV
(PVHS,-\‘/H/

vors.

assuming an equal contribution from all three neutrino fla-

Since non-jetted AGN are typically dominated by thermal emis-
sion from the accretion disc and the host galaxy, the detection of
neutrinos from NGC 1068 surprised many in the field. Jetted AGN,
known for their predominantly non-thermal emission, were deemed
to be the only class of AGN capable of accelerating protons to the
energies necessary for ~ 0.1 — 1 PeV neutrino production,® which
is the energy range where the astrophysical diffuse neutrino flux
is constrained.’® Now, the observation of a neutrino source at TeV
energy requires understanding where the non-thermal radiation re-
sponsible for the generation of ~TeV neutrinos is produced, and how
it is created. However, as can be seen from Figure 3.1, the spatial
resolution of the IceCube detector allows us to localize the neutrino
emission within a 10 confidence region that encompasses the entire
galaxy hosting NGC 1068. Telling where this signal is produced in
the galaxy is not possible by only looking at neutrino data. While
several studies have tried to model the neutrino emission from NGC
1068 to fit the IceCube data,’"*>*3 here we resort to the study of the
multi-messenger features of its spectrum. Using order-of-magnitude
estimates, we try to constrain the origin of the astrophysical neutri-
nos from an observational, phenomenological, and theoretical per-
spective.

NGC 1068 is among the six spiral galaxies identified by Carl Seyfert
in 1943 and then named Seyfert galaxies after him. These galaxies
show strong emission lines and are classified as Seyfert 1 or Seyfert 2,
depending on the inclination at which we observe them. Seyfert 2s, e.
3., NGC 1068, are observed edge-on with respect to the dusty torus of
molecular gas surrounding the accretion disc, see Figure 2.10. Since
the dust extends on scales larger than the region emitting the broad
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excitation lines (BRL, see Subsection 2.3.3), only narrow lines, emit-
ted further away and thus less Doppler-broadened, are observed in
the optical spectrum. Hence, the optical radiation produced near the
central core of Seyfert 2 galaxies is much more absorbed along the
line of sight than for Seyfert 1, and the difference in their spectra is
indeed not intrinsic but only due to obscuration.’> Example optical
spectra of a Seyfert 1 and a Seyfert 2 galaxies are shown in Figure 3.2.
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NGC 1068 is located at a luminosity distance D; = 10.1 Mpc.

Most references in the literature report a luminosity distance of 14.4 Mpc.

However, the redshift of this source, z = 0.0038, cannot be directly
used for the estimation of the luminosity distance by using stan-
dard flat ACDM cosmological parameters'®. In fact, being relatively
nearby, the radiation from this source suffers from the anisotropic
gravitational pull of local overdensities, which cannot be simply av-
eraged out on such short distances. The BH mass (Mgyy) of NGC 1068
in units of solar masses My is estimated to be approximately 6.7 x
10° M.'7 Therefore, assuming isotropic accretion-induced emission, '
we can derive the Eddington luminosity (Equation 2.22) of the source
as

Lggq ~ 1.26 x 1038% erg/s ~ 8.4 x 10* erg/s, (3.2)

©

3.1 A multi-messenger picture

The proximity of NGC 1068 makes it possible to spatially resolve its
structure into several components. Each can be studied using obser-
vations in different electromagnetic bands, offering complementary
perspectives on the underlying physics. A multi-messenger spectral
energy distribution (SED) of NGC 1068 is displayed in Figure 3.3.
Some distinguishable features have been highlighted: 1. The v—%7

radio spectrum, typically associated in starburst (SB) galaxies with

' Antonucci and Miller, “Spectropolarimetry
and the nature of NGC 1068.”

Figure 3.2: Optical spectra of a typical
Seyfert 1 (top) and Seyfert 2 (bottom) AGN
normalized to arbitrary flux units. The Ha
and HB emission lines are marked on both
spectra. While Seyfert 2 galaxies show only
narrow emission lines, Seyfert 1s are also
characterized by broad lines. Note that both
spectra have already been shifted to their
nominal wavelength A via the redshift cor-
rection A = Ag(z+ 1). Data from https:
/lwww.bass-survey.com/dr2.html.

'8 Hubble constant Hy = 70 kms™'Mpc ™,
matter density (), = 0.3, and dark energy
density QO = 0.7.

7J.-M. Wang et al., “Dynamical evidence
from the sub-parsec counter-rotating disc for
a close binary of supermassive black holes
in NGC 1068”.

'® Rybicki and Lightman, “Radiative Pro-
cesses in Astrophysics”.
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'® Condon, “Radio emission from normal
galaxies.”

20 Both templates are constructed using the
SSDC tool, https://tools.ssdc.asi.it/SED/.

2! Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

Figure 3.3: The integrated multi-messenger
SED of NGC 1068, assembled using the
SED builder at the SSDC (https://tools.ss
dc.asi.it/SED/). We show the power/en-
ergy flux emitted at different frequencies/en-
ergies. The color code relates different emis-
sions with the various components of NGC
1068. The radio synchrotron emission could
originate both from the SB and the AGN jet.
The GeV gamma-ray data points are Fermi-
LAT measurements. The MAGIC telescope
placed the upper limits on TeV gamma-ray
emission. More details can be found in the
text.

22 Abdo et al., “Fermi Large Area Telescope
First Source Catalog”.

2 Abdollahi et al., “Fermi Large Area Tele-
scope Fourth Source Catalog”.

24 Ajello et al., “The -y-Ray Emission of Star-
forming Galaxies”.

25F Aharonian et al., “Observations of se-
lected AGN with HESS”.

% Willox and HAWC Collaboration, “HAWC
Follow-up on IceCube evidence from NGC
1068".

27 Acciari et al., “Constraints on Gamma-Ray
and Neutrino Emission from NGC 1068 with
the MAGIC Telescopes”.

% |pid.

synchrotron emission from relativistic plasma accelerated in super-
nova remnants associated with massive star formation,'9 or with the
AGN jet; 2. A template for the spiral SB galaxy emission, the IR
bump which extends in the UV as well; 3. A template for emission
from the accretion disc, the bump in the UV band here rather over-
whelmed by the galactic emission, and the X-ray emission from the
corona;*® 4. The GeV gamma-ray emission most likely associated
with SB activity in NGC 1068; 5. The TeV neutrino band, where no
gamma-rays have been detected. The best-fit neutrino flux** is re-
ported with its 68% uncertainty in the corresponding energy range
at 68% confidence level (C.L.) as well.
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There is one clear, as well as unexpected, feature in the SED:
No TeV gamma-rays were observed where the neutrino spectrum
was constrained. GeV gamma-rays observed by the Fermi-LAT have
been associated with NGC 1068 continuously since the first catalog
(1FGL*?) of gamma-ray sources. Since then, NGC 1068 has been
included in every Fermi-LAT catalog, up to the 4FGL-DR4, at an in-
creasing level of significance.?3 Its average power in the 0.1 — 100 GeV
range over twelve years is L, = 1040922003 erg/g24 which is ~
15 times smaller than the all-flavor isotropic neutrino luminosity
in 1.5 — 15 TeV, see Equation 3.1. In the very-high-energy (VHE)
band, the source was observed by ground-based Cherenkov tele-
scopes?5:20:27 with no detection. The most stringent constraints on
the VHE flux were placed by a 125-hour long observation performed
by the MAGIC telescopes, resulting in a 95% C.L. upper limit to the
gamma-ray flux above 200 GeV of E¢ypgy = 5.1 x 10713 cm 257128
which is approximately two orders of magnitude smaller than the
observed neutrino flux at ~ TeV energies.

The mechanism accelerating protons and producing the neutrinos
observed from the direction of NGC 1068 must also generate a flux

of accompanying gamma-rays, see Section 2.2. The non-detection of
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VHE gamma-rays, together with the lower GeV gamma-ray flux com-
pared to the neutrino flux, suggests that this component is entirely
absorbed in the source.

The components emerging from the SED of NGC 1068 can be asso-
ciated with several possible candidates as neutrino sources, namely:

¢ the SB region in the spiral arms of the host galaxy,
e a < kpejet,

¢ the black hole (BH) vicinity (perhaps the accretion disc-corona sys-
tem),

¢ a sub-kpc molecular outflow (perhaps a UFO?9). 2 Ultra-fast outflow, see Subsection 2.3.3

The general characteristics of these AGN components have been dis-
cussed in Subsection 2.3.3. In the following, we briefly review each
of them in the context of NGC 1068 to understand which ones can
provide the necessary target for neutrino production in hadronic in-
teractions and, at the same time, entirely absorb the accompany-
ing gamma-ray component. We will try to estimate the maximum
gamma-ray power that can be obtained from each source, where
possible, and derive the relative neutrino production, assuming all
gamma-rays are of hadronic origin.

The starburst galaxy

In star-forming galaxies (SFGs), the creation of stellar remnants
leads to the acceleration of CRs. These CRs can collide with the
interstellar matter in p — p inelastic scattering, producing gamma-
rays and neutrinos from pion decays (see Equation 2.12 and Equa-
tion 2.13). As both the gamma-ray and IR emissions are tracers of
star-forming activity, SFGs are known to follow a correlation between
the luminosities in the two energy bands, empirically parametrized

as3° % Ackermann et al., “GeV Observations of
L LIR Star-forming Galaxies with the Fermi Large
lo —7_ ) ~393+1.2lo —= ), : Area Telescope”.
810 (erg/s) 510 1010L (33)
where L = 103> erg/s is the total luminosity of the Sun. The ob-
served gamma-ray luminosity of NGC 1068, L, = 1040922003 erg /g,
correlates with its IR luminosity Lgr 8—1000pum = 10446401 erg/s3! % Sanders et al., “The IRAS Revised Bright

according to Equation 3.3 and has therefore been attributed to star- Galaxy Sample’.

forming activity.3> Emissions attributed to the SB galaxy hosting %2 Ajello et al., “The y-Ray Emission of Star-

NGC 1068 are shown in blue in Figure 3.3. forming Galaxies”.
By applying a two-source AGN-starburst model to the observa-

tional data of NGC 1068, a recent study has shown that its SB ring

cannot be the main source of the IceCube neutrinos.33 The latter % Eichmann et al., “Solving the Multimes-
senger Puzzle of the AGN-starburst Com-
posite Galaxy NGC 1068”.

% |bid.

could instead be explained by an optically thick source environment,
such as the X-ray bright corona near the AGN core.34

We can nevertheless compute an equivalent neutrino power in
1.5 — 15 TeV corresponding to the observed gamma-ray power from
the SB. We assume the most optimistic scenario to maximize the neu-
trino power, namely:
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% Roy et al., “Slow jets in Seyfert Galaxies:
NGC 1068”.

3 Park et al., “Kinematics of the M87 Jet in
the Collimation Zone: Gradual Acceleration
and Velocity Stratification”.

37 Padovani, “On the two main classes of ac-
tive galactic nuclei”.

% Condon et al., “The NRAO VLA Sky Sur-
vey”.

% Kennicutt, “Star Formation in Galaxies
Along the Hubble Sequence”.

40 Bonzini et al., “Star formation properties of
sub-mJy radio sources”.

41 Cavagnolo et al., “A Relationship Between
AGN Jet Power and Radio Power”.

“2 |bid.

43 Ansoldi et al., “The Blazar TXS 0506+056
Associated with a High-energy Neutrino: In-
sights into Extragalactic Jets and Cosmic-
Ray Acceleration”.

¢ The observed gamma-rays are of hadronic origin only, which im-
plies Ly ~ L, /2, and

¢ the conversion from 0.1 — 100 GeV (Fermi-LAT sensitive energy
range) to 1.5 — 15 TeV (IceCube sensitive energy range) assumes a
spectral index of y = 2, which, by using Equation 3.1, implies that
Ly[1.5—15 TeV] ~ Ly[0.1 — 100 GeV]/6. For comparison, using
the measured spectral index v = 3.2 yields Ly[1.5 — 15 TeV] ~
L,[0.1 — 100 GeV]/10°.

We obtain a maximal SB-related neutrino power of L sg = 10401 erg/s,
corresponding to only 6% of the observed neutrino luminosity.

All these considerations lead us to exclude the SB as the primary
source of the IceCube neutrinos from NGC 1068.

The sub-kpc jet

Figure 3.4 shows a radio image of the galaxy and its inner core.
In the upper right panel of the figure, a ~ 500 pc jet ending in lobe-
like structures is visible, while the lower right panel zooms in even
more and resolves a ~ 50 pc jet. A jet of this size is almost two
orders of magnitude less extended and much slower (v < 0.05¢35)
than the well-studied ultrarelativistic jet of the radio galaxy M87 (v >
0.99¢3). This implies that NGC 1068 is a non-jetted AGN.37 The total
radio power at 1.4 GHz is L1 4gpH, ~ 10389 erg/ s.33 However, as both
star-forming activities and the jet contribute as the main sources of
synchrotron radiation in galaxies, it is not trivial to tell which one
is producing the observed radio continuum (pink-blue dashed line
in Figure 3.3). To distinguish between the two, we can again use
a known correlation between the far IR and radio powers valid for
SFGs39-4°

L1.4GHz, sB Lir,sB
log,, (erg/s ~ 11.47 +log,, 1000L ) (3-4)

and derive Lj4cHz,sB ~ 10386

, which is approximately half of the
total radio power at 1.4 GHz. Hence, the jet can be considered re-
sponsible for the other half. Finally, the total jet power can be esti-
mated from Lj4GHz,jet Dy studying the X-ray cavities that surround
many massive galaxies. X-ray cavities directly measure the mechani-
cal energy generated by AGN through winds or jets.#* They are often
produced by outflows or the radio jet and exhibit a significantly re-

duced or absent X-ray emission. We use the following relation**

jet - cav, jet ~ 1.4GHz, jet
logy, (1042erg/s> = log,, <1O4Zeré/s> ~ 1.91+0.75log;, (104Oerg/s> ,
(3:5)

which finally gives us a total jet power Ljet = 1029 erg/s. For com-
parison, the jet of TXS 05064056, the only blazar associated with
neutrinos by IceCube, produces a 2 — 3 orders of magnitude larger
power Ligt ~ 10% — 4 x 10 erg/s.43



CHAPTER 3. NGC 1068: A NON-JETTED AGN AS A COSMIC LABORATORY 29

We now assume conditions beyond optimistic to maximize the
gamma-ray power from the jet and assume that it behaves like an ab-
sorbed M8y-like jet. This assumption is rather unphysical but max-
imizes the gamma-ray luminosity of the jet beyond any limit. We
assume that the ratio between the gamma-ray and 1.4 GHz logarith-
mic powers of the jet of NGC 1068 is the same as the one between
the gamma-ray and core radio powers of M8, i.e., a ratio of ap-
proximately 1.08.44 We obtain a maximal gamma-ray power for the
jet Lyjet < 10*17 erg/s, which translates into a neutrino power of
Ly jet < 1009 erg/s.45 Once again, the derived neutrino power can-
not explain the IceCube observation. Therefore, we can exclude the
jet as the neutrino source in NGC 1068.
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The corona

The AGN corona is responsible for the emission of X-rays through
the process of inverse Compton (IC) scattering, where UV photons
from the accretion disc are boosted to higher energies by interacting
with the hot (= 10 K) electrons in the corona. The study of X-ray
emission is of crucial importance to understanding the environment
in the immediate proximity of the SMBH, primarily because high en-
ergy X-rays (2 10 keV) can penetrate large column density of gas that
might be obscuring the central engine of the AGN. However, AGN
classified as Compton-thick (i.e., with neutral hydrogen column den-
sity Ny = 10%* cm™2) are hard to penetrate even for the highest en-
ergy X-ray radiation. This is the case of NGC 1068, whose X-ray
continuum has been described by a recent study® with a highly
absorbed (N =~ 10%° cm~2) power-law spectrum with a photon in-
dex ~ 2.1 and an energy cutoff at Ecyt =~ 130 keV. The same study

4 Padovani, Giommi, et al., “The spectra of
IceCube neutrino (SIN) candidate sources -
1. Source characterization”.

5 Here, the same optimistic framework used
to derive the neutrino power of the SB is
used.

Figure 3.4: Aperture synthesis image of
NGC 1068 at 1.7 GHz (18 cm). Left: the
SB disc; Top right: the radio jet; Bottom
right: the central core. Assuming a distance
of 10.1 Mpc, 1" corresponds to a linear dis-
tance of 48.9 pc. Figure reproduced with
permission from Gallimore et al., “The Sub-
arcsecond Radio Structure in NGC 1068. |.
Observations and Results”.

4 Zaino et al., “Probing the circumnuclear
absorbing medium of the buried AGN in
NGC 1068 through NuSTAR observations”.
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47 Marinucci et al., “NuSTAR catches the un-
veiling nucleus of NGC 1068”.

“8 From table 1 of Duras et al., “Universal
bolometric corrections for active galactic nu-
clei over seven luminosity decades”.

48 Spinoglio,  Fernandez-Ontiveros, and
Malkan, “The High-ionization IR Fine
Structure Lines as Bolometric Indicators of
the AGN Power: Study of the Complete 12
um AGN Sample”.

Figure 3.5: The best-fitting model of the X-
ray energy flux of NGC 1068 is shown as a
solid blue line. The X-ray emission above
2 keV is well described by a 3-component
reflection arising from different column den-
sities, each represented by a different line
style and shade of yellow. Some emission
lines are also visible, including the typical
Fe Ku iron fluorescence at ~ 6.4 keV. Figure
adapted from Zaino et al., “Probing the cir-
cumnuclear absorbing medium of the buried
AGN in NGC 1068 through NuSTAR obser-
vations”, where more details can be found.

50 hitps://www.almaobservatory.org/en/abo
ut-alma/

51 Garcia-Burillo et al., “Molecular line emis-
sion in NGC 1068 imaged with ALMA. I. An
AGN-driven outflow in the dense molecular
gas”.

%2 Impellizzeri et al., “Counter-rotation and
High-velocity Outflow in the Parsec-scale
Molecular Torus of NGC 1068”.

reproduced the complex structure of the circumnuclear matter mul-
ticomponent reflector with three distinct column densities, as shown
in Figure 3.5.

Despite the difficulty of observing the inner region of NGC 1068,
extensive monitoring campaigns with the space-based X-ray obser-
vatory NuSTAR detected an excess above 20 keV. They discovered
a temporary decrease in the column density along the line of sight
to 7 x 10* em~2. This “unveiling event” allowed a direct measure-
ment of the intrinsic coronal X-ray luminosity of NGC 1068, namely
Ly 10 kev = 373 x 10% erg/s.47

Plugging this measurement into the so-called X-ray bolometric
correction Kx = Ly /Lx, we can estimate the bolometric luminos-
ity of the source. We use Kx = 11.48 4 0.01 with a spread of the
correlation of 0.37 dex48 and obtain Lpo1x = 10*5. Another estimate
based on the IR luminosity of emission lines yields Ly, g &~ 10%48.49
We adopt the logarithmic mean of these two values for the bolo-
metric luminosity of NGC 1068, which, therefore, is Ly ~ 10%7.
Using the result of Equation 3.2, we can derive an Eddington ratio
Lyo1/ Lgda ~ 0.6.

No obvious connection to the gamma-ray emission from the in-
nermost region of the AGN can be established, as the optically thick
environment prevents the escape of this radiation, see Section 3.2.
Hence, an estimation of the neutrino power based on the gamma-ray
contribution from the corona is not feasible.

The UV and X-ray spectra produced by the disc-corona system in
NGC 1068 are shown in yellow in Figure 3.3.

= Ny = 1025 cm—2
Ny =5x10%* cm~—2
Ny = 1.4 x 1023 cn—2

10—2 A

E? ¢(E) [keVem 2571

10—3 .

Energy [keV]

The outflow

The Atacama Large Millimeter Array (ALMA)>° observatory de-
tected a massive molecular outflow which has been associated with
NGC 1068.5%5% This outflow, which extends over ~ 100 pc scales,
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may be launched from the accretion disc. During their propagation,
they are expected to develop the characteristic structure of AGN di-
verging flows, with an inner wind termination shock and an outer
forward shock. The shocks in the circumnuclear disc can accelerate
CRs. The accelerated protons participate in p — p inelastic scatter-
ings with protons in the interstellar medium, producing pions that
can decay and produce gamma-rays and neutrinos. To derive the
non-thermal emissions from shock-accelerated particles in the out-
flow, we need an estimate of the kinetic energy injected into the in-
terstellar medium during the outflow timescale. The kinetic power
of an outflow can be estimated as>3

Lyin = %%vgut,pr (36)
where dMgyi/dt is the mass outflow rate and vy is the outflow
velocity. Estimates for the gas mass, average radius, and projected
radial velocity are Moyt = 1.87M@, Rout ~ 100 pc, and voutp =~
100 km/s.>4 Assuming a multi-conical outflow geometry,>> the mass
outflow rate is

Cu\/[out Mout

i BUoutm tana ~ 63M@yr71, (3-7)

where « is the angle between the outflow and the line of sight. As-

suming that the outflow is co-planar with the galaxy, a is the com-
plementary angle to the disc inclination angle of 35°,5¢ which means
that & = 90° — 35° = 55°. Finally, with vout = Vout,p/ cosa, we derive

3
Liin = giM(;{l;Z"m (;[oas% = 10*% erg/s (3-8)
with & being the main source of the uncertainty.

Interestingly, gamma-ray emission has been detected from a sam-
ple of nearby SB galaxies/AGN hosting a molecular outflow, in-
cluding NGC 1068.57 Unfortunately, no clear correlation between the
gamma-ray power and the kinetic power of the outflow has been
identified. Therefore, we cannot derive an estimate for the contribu-
tion to the gamma-ray power from the molecular outflow.

However, recent studies>® have reported the detection of gamma-
rays also from a sample of nearby AGN featuring winds that are
particularly fast and highly ionized. In principle, a UFO of semi-
relativistic velocity could be emitted from NGC 1068, as the strong X-
ray obscuration makes it impossible to probe its existence. The same
study that found a gamma-ray emission from UFOs also identified
a linear relation between the kinematic power of the UFO and the
gamma-ray power. The kinetic power, in turn, can be estimated using
the correlation coefficient between the bolometric and kinetic powers
for UFOs.>9 By using the bolometric luminosity we estimated from
the X-ray power of NGC 1068 and including the uncertainty in the
correlation between the kinetic and gamma-ray powers, we find that
036 erg/s
and 10*'2 erg/s. Notably, this gamma-ray power could overcome

the UFO gamma-ray power L, yro can vary between 1

the experimentally observed one.

53 Lamastra et al., “Galactic outflow driven
by the active nucleus and the origin of the
gamma-ray emission in NGC 1068”".

54 Garcia-Burillo et al., “Molecular line emis-
sion in NGC 1068 imaged with ALMA. I. An
AGN-driven outflow in the dense molecular
gas”.

% |bid.

%6 http://atlas.obs-hp.fr/hyperleda/ledacat.c
gi?0=NGC1068

57 McDaniel, Ajello, and Karwin, “Gamma-
Ray Emission from Galaxies Hosting Molec-
ular Outflows”.

% Ajello et al., “Gamma Rays from Fast
Black-hole Winds”.

% We use the value in Table 1 of Fiore et
al., “AGN wind scaling relations and the co-
evolution of black holes and galaxies”.
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As before, to estimate the corresponding neutrino power, we as-
sume the best possible conditions, i.e., L, ypo = 10*1% erg/s, along-
side the previously used assumptions that the gamma-rays are all
hadronic and the spectral index of the neutrino spectrum is harder
than the observed one. We obtain a maximal neutrino contribution
from the outflow of L. yro = 10404 erg/s. Not even the UFO can
provide a sizeable portion of the observed neutrino power.

Table 3.1 summarizes the maximum gamma-ray and neutrino pow-
ers we could derive for each candidate source within NGC 1068.
Even by summing the maximized neutrino powers for all compo-
nents, we do not reach the observed neutrino luminosity, which re-
mains larger by an order of magnitude.

Component Scale L, (0.1 —10 GeV) L, (1.5 — 15 TeV)
Star formation > kpc ~ 10409 < 10%01
Jet ~ kpc < 1047 (M87-like) < 10%09
Outflow (UFO) ~ pc < 1042 < 10404
BH vicinity ~ 0.02 mpc (~ 30 Rs) ? ?
Total < 10419 < 10%1
Observed 1(040.92+0.03 1042140.2

Table 3.1: Estimated gamma-ray and neu-
trino powers.

0 Berezinsky, Proceedings of the Interna-
tional Conference Neutrino ’77.

& Eichler, “High-energy neutrino astronomy:
a probe of galactic nuclei?”

%2 Silberberg and Shapiro, “Neutrinos as a
Probe for the Nature of and Processes in Ac-
tive Galactic Nuclei”.

% Murase, Guetta, and Ahlers, “Hidden
Cosmic-Ray Accelerators as an Origin of
TeV-PeV Cosmic Neutrinos”.

% However, p — p interactions could also be
possible with a high enough gas density.

5 Miicke et al., “Photohadronic Processes in
Astrophysical Environments”.

All powers in erg s 1; Ry = (2GMpy)/c? is the Schwarzschild radius.

However, we could not derive an equivalent neutrino power for
the X-ray corona, which remains our last viable neutrino source can-
didate. In the next section, we evaluate whether AGN coronae meet
the requirements the source environment should satisfy.

3.2 Hidden sources of astrophysical neutrinos

The first papers suggesting that neutrino sources might lack a photon
counterpart appeared in the late seventies and early eighties.00/61,62
More recently, it has been pointed out that the existence of “hidden
sources” of neutrinos would explain the diffuse neutrino flux level at
~ 10 TeV without violating the extragalactic gamma-ray background
observed by Fermi-LAT,%3 see Section 2.2.

The photons produced with the neutrinos from NGC 1068 must
have an intrinsic flux ~ 40 times higher than the MAGIC upper lim-
its. Therefore, Figure 3.3 implies that the VHE gamma-rays have
to be completely absorbed. NGC 1068 is, therefore, the first “hid-
den source” to be detected. We can evaluate what characteristics its
emission region needs to have to provide a suitable target for neu-
trino production and, at the same time, absorb the accompanying
gamma-rays entirely. We assume a p — <y scenario, as the presence of
a low-energy photon field naturally offers a high chance of gamma-
ray absorption.%4

The p — v cross section is characterized by a pronounced peak
just above the threshold for pion production,® as seen in Figure 3.6.
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Therefore, most p — 7 interactions result in the creation of a sin-
gle pion, either charged or neutral. At the threshold, the final state
neutron/proton and pion are produced at rest in the center-of-mass
frame (see Equation 2.7). As discussed in Section 2.2, the relativistic
kinematics of the process require that, in the lab frame, the proton
transfers a fraction m,/my, ~ 0.15 of its energy to the pion, which
will then decay into four stable leptons, including three neutrinos.

These leptons will share the pion energy equally so that each neu-
trino has an energy E, ~ (mz/4my)E, ~ 0.04 x Ey. The neutrinos
observed by IceCube in the 1.5 — 15 TeV range are therefore gener-
ated by CR protons of energy ~ 40 — 400 TeV. Hence, from Equa-
tion 2.8, which we report here for clarity,

2mymz + m%

iE, , (3-9)

€, thr ™~

we obtain that soft X-ray photons with energy 2> 0.2 — 2 keV inter-
acting with ~ 40 — 400 TeV protons allow photomeson production
with consequent creation of neutrinos in the observed energy range.
Hence, the X-ray flux from the corona could be directly related to the
observed flux of neutrinos.

At the same time, lower energy ambient photons could suppress
the accompanying TeV gamma-rays via the production of electron-
positron pairs, which is preferred over the pion production because
of the lower energy it requires. The threshold condition E e, >
(mec?)? ~ 0.26 MeV? for pair production® translates into a mini-
mum ambient photon energy

€y > 0.26 (E,/TeV) ! eV, (3.10)

i.e., photons in the IR domain and above.

The conditions required by equations (3.9) and (3.10) are easily
satisfied very close to the SMBH at the center of the AGN, namely in
the disc-corona. This region provides X-ray and optical/IR photons
in abundance.

Figure 3.7 shows the optical depth of gamma-rays to pair pro-
duction obtained from simulations assuming different sizes of the
interaction regions.®” GeV-TeV gamma-rays cannot escape a source
with the typical size of the corona (~ 30Rs), and the source can be
transparent to < 10 MeV photons.

Kinematic considerations support, in fact, the escape of gamma-
rays degraded to MeV energies through electromagnetic cascades.
The generated electron-positron pairs IC-scatter ambient photons up
to the gamma-ray domain, thereby initiating an electromagnetic cas-
cade sustained by alternate IC and pair production processes. The
cascade reaches its natural end when the gamma-ray photon en-
ergy equals the threshold for pair production: Efyh = (mec®)?/e,.
Since the spectrum of ambient photons in the AGN corona extends
well into the keV range, the cascade terminates when E, reaches
Efrh ~ 130 MeV and produces the last pair with a 2 keV photon.
The last electron/positron has an energy E" ~ Efyh/ 2, and can IC

Opy [1b]

101 10t 103
€4[GeV]

Figure 3.6: Cross-section of photo-hadronic
interactions as a function of the required
photon energy in the proton’s rest frame.
The interaction probability peaks sharply
around the pion rest mass, ~ 140 MeVi/c,
dominated by the A" -resonance production.
Figure adapted from Kelner and F. A. Aharo-
nian, “Energy spectra of gamma rays, elec-
trons, and neutrinos produced at interactions
of relativistic protons with low energy radia-
tion” and courtesy of Theo Glauch.

% For simplicity we always assume head-
on collisions. An angle 6 between the two
photons would produce a factor (1 — cos 6),
which multiplies the left side of the inequality.
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Figure 3.7: Optical depths for two-photon
pair annihilation. The solid line represents
the optical depth for densities as high as
found within ~ 30Rs, corresponding to the
typical size of the corona. The dashed line
illustrates the optical depth expected in a
source of size ~ 10*Rs, corresponding to
the typical BLR radius. The source is opaque
for optical depths much larger than 1 (dot-
ted grey line). Data from Murase, “Hidden
Hearts of Neutrino Active Galaxies”.

57 Murase, “Hidden Hearts of Neutrino Active
Galaxies”.
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% Berezinskii, Bulanov, et al., Astrophysics
of cosmic rays.

% de Angelis et al., “Science with e-
ASTROGAM. A space mission for MeV-GeV
gamma-ray astrophysics”.

70 Caputo et al., “All-sky Medium Energy
Gamma-ray Observatory eXplorer mission
concept”.

Figure 3.8: Point source continuum differ-
ential sensitivity of different X- and gamma-
ray instruments alongside the IceCube mea-
surement of the neutrino flux from NGC
1068. The figure illustrates the best sen-
sitivities to date with the corresponding de-
tector exposures in parentheses. The pre-
dicted 3 o sensitivities of the eASTROGAM
and AMEGO-X future missions are high-
lighted as red dash-dotted and dotted lines,
respectively. The black dotted line and
the grey shaded area illustrate where the
gamma rays produced together with the
IceCube neutrinos are approximately ex-
pected to cascade. Figure adapted from de
Angelis et al., “Science with e-ASTROGAM.
A space mission for MeV-GeV gamma-
ray astrophysics”, where the curves’ refer-
ences can be found. Data for the sensi-
tivity of AMEGO-X from Caputo et al., “All-
sky Medium Energy Gamma-ray Observa-
tory eXplorer mission concept”.

" Padovani, Gilli, et al., “The neutrino back-
ground from non-jetted active galactic nu-
clei”.

upscatter ambient photons to an energy®
ESC = (4/3)(ES"™ /mec?)?e, = EN'/3 ~ 40 MeV. (3.11)

Photons of such energy cannot produce pairs in the ambient photon
gas and will freely escape the region. Figure 3.8 illustrates the exper-
imental sensitivity to point sources in the X-/gamma-ray domain to
date. Unfortunately, the MeV region is the most poorly explored. Fu-
ture missions, for example e-ASTROGAM® or AMEGO-X,7° will be
able to provide the indispensable missing piece of information: The
detection of a MeV photon flux level comparable with the measured
neutrino flux would foster the scenario where the X-ray corona of
AGN is a major source of NGC 1068’s neutrinos.
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3.3 An estimation of the diffuse neutrino background from
non-jetted AGN

Disclaimer: This section is based on the publication, Padovani, Gilli,
Resconi, Bellenghi, Henningsen, A&A 684, 2024.7* The author of this
dissertation contributed to the interpretation and discussion of the

results and to the writing of the corresponding sections in the manuscript.

The discussion closely follows the one in our paper.

In the previous section, we analyzed the multimessenger obser-
vations of NGC 1068 using simple order-of-magnitude calculations.
These suggest that the only source fulfilling all the requirements to
be a neutrino source is the closest region to the SMBH, most likely the
X-ray corona. In fact, the X-ray corona could have both the right den-
sity of photons needed to produce neutrinos in photomeson produc-
tion processes and to absorb the expected but unobserved gamma-
rays.
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Currently, NGC 1068 is the only non-jetted AGN from which
we observed high-energy neutrinos at a significance larger than 3 0.
Other analyses carried out by the IceCube collaboration searching
for neutrino emission from X-ray bright non-jetted (Seyfert) AGN
have found indications (< 3 0) of possible point-like neutrino emis-
sion from NGC 41517% and CGCG 420—015,73 a moderately obscured
(Ng = 10?2 2 cm~?) and a Compton-thick Seyfert galaxy, respec-
tively. Additionally, an external work using data released by the
IceCube collaboration associated neutrino emission to the Compton-
thick Seyfert galaxy, NGC 3079, adding to the growing indications of
neutrino emission from non-jetted AGN.74 Clearly, there is a well-
motivated interest in understanding whether NGC 1068 is a unique
object or if the large population of AGN shares the same neutrino
production mechanism with it.

We tackle the question from an observational, population-wide
perspective. In the following, we provide an estimate of the diffuse
neutrino background that could be produced by all non-jetted AGN
contributing to the cosmic X-ray background (CXB).

3.3.1 The X-ray background and prediction of the neutrino back-
ground

The first ingredient of our study is a population synthesis model
for the CXB. We use the model of the CXB by Gilli, Comastri, and
Hasinger, “The synthesis of the cosmic X-ray background in the
Chandra and XMM-Newton era”. The model explains some remark-
able features of the X-ray source population. Most importantly, it
suggests that moderately obscured, Compton-thin AGN need to out-
number unobscured AGN (by a factor decreasing from 4 to 1 with
increasing luminosity) to reproduce the measured 2 — 10 keV AGN
X-ray luminosity.”> Although the model adopted here dates back to
2007, it agrees remarkably well with the most recent estimates of the
X-ray luminosity7® and flux measurements by CHANDRA.77 No-
tably, the X-ray luminosity function used by the model consists of
non-jetted AGN for more than 90%, and, hence, all our following
considerations solely refer to the population of non-jetted AGN.

The CXB flux, including both obscured and unobscured AGN and
integrated up to the luminosity distance of NGC 1068 and to z = 5,
is shown in Figure 3.9. We show the intrinsic X-ray fluxes, i.e., cor-
rected for absorption along the line of sight. This correction is nec-
essary in a scenario as the one described in Section 3.2, where high-
energy neutrinos correlate with the X-ray flux from the corona be-
fore it is attenuated by interactions in the dusty torus and interstellar
medium.

To translate the X-ray flux in Figure 3.9 to the neutrino domain,
we need a neutrino spectral shape, our second ingredient. A puta-
tive spectral shape is constrained to be rather hard at low energies
so as not to violate the Eddington luminosity of the source. In fact,

72 Goswami, “Search for high-energy neu-
trino emission from hard X-ray AGN with
IceCube”.

8 Glauch et al., “Searching for High-Energy
Neutrino Emission from Seyfert Galaxies in
the Northern Sky with IceCube”.

74 Neronov, Savchenko, and Semikoz, “Neu-
trino Signal from a Population of Seyfert
Galaxies”.
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Figure 3.9: Cosmic X-ray background flux
modelled by Gilli, Comastri, and Hasinger,
“The synthesis of the cosmic X-ray back-
ground in the Chandra and XMM-Newton
era”. The dark blue curve represents the flux
integrated up to the luminosity distance of
NGC 1068, while the light blue curve goes
up to z = 5. The fluxes include both ob-
scured and unobscured AGN, and they are
intrinsic, meaning that they have been cor-
rected for absorption in the gas surrounding
the AGN. Data by courtesy of Roberto Gilli.
®Ueda, Akiyama, Ohta, et al., “Cosmo-
logical Evolution of the Hard X-Ray Active
Galactic Nucleus Luminosity Function and
the Origin of the Hard X-Ray Background”.
6 Ueda, Akiyama, Hasinger, et al., “Toward
the Standard Population Synthesis Model of
the X-Ray Background: Evolution of X-Ray
Luminosity and Absorption Functions of Ac-
tive Galactic Nuclei Including Compton-thick
Populations”.

77 Nanni et al., “The deep Chandra survey in
the SDSS J1030+0524 field”, https://chandr
a.harvard.edu/.
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8 The real proton power in this scenario will
be even higher, as here we are neglecting
the energy needed to feed the thermal and
magnetic energy of the corona.
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Figure 3.10:  Neutrino spectral shape

adopted for the model of the neutrino back-
ground from non-jetted AGN. The spectrum
results from the minimal p — p scenario in
which the spectrum has a low-energy cut-
off at 10 TeV to explain the neutrino spec-
trum above 1.5 TeV, illustrated by the shaded
area. Figure adapted from Murase, “Hidden
Hearts of Neutrino Active Galaxies”, where
more details on the model can be found.

® Murase, “Hidden Hearts of Neutrino Active
Galaxies”.

8 Where the neutrino spectrum is the most
constrained. See, e.g., Figure 3.10.

8 dex(x) = log;,(x).

82 Hogg, “Distance measures in cosmology”.

in p — p or p — 7 reactions, neutrinos of Ey ~ 1 TeV require a pro-
ton energy E, ~ 25 TeV. Assuming that the protons dump all their
energy near the black hole, their power will be approximately equal
to the neutrino power, i.e., L, ~ 10** erg/s at > 25 TeV. If we now
extrapolate the luminosity at 1 GeV assuming the measured neutrino
spectral index of 3.2, we get L, [~ 1 GeV] ~ 5 x 10% erg/s. This value
is more than one order of magnitude larger than both the bolomet-
ric and Eddington luminosities derived in the previous section (see
Equation 3.2).78 Therefore, the most natural explanation for a steep
neutrino spectrum is that it reflects a cutoff in the parent proton spec-
trum at high energies. In contrast, there should be a turnover to a
rather hard slope at low energies to avoid overshooting the AGN'’s
energetics.

We adopt the spectral shape shown in Figure 3.10, derived by a
recent work,”? which fits the IceCube neutrino signal from NGC 1068
assuming that the X-ray corona is its source in a p — p scenario. The
spectrum peaks at ~ 1 TeV, and the model parameters are adjusted
so that the high energy slope from approximately 2 to 15 TeV is con-
sistent with the IceCube spectrum, illustrated by the shaded area.

The third and last ingredient to produce an estimation of the to-
tal neutrino flux from the X-ray flux of AGN is the relation linking
the two. As NGC 1068 is the only non-jetted AGN detected both in
neutrinos and X-rays, we anchor the relative normalization between
the two spectra to the ratio of its observed fluxes. The intrinsic X-ray
flux density at 1 keV (see previous section) is fik®V = 1.44 x 10~°
erg cm 2 s! keV~1. The all-flavour neutrino flux density at ~
4 TeV® can be estimated by multiplying the spectrum measured by

IceCube by a factor of 3, E2¢(E) = 5 x 10" (E/1TeV)3272 TeV cm 2 s~ 1.

We obtain ¢V = 1.14 x 1072 erg cm 2 57! keV~!. Hence, the ratio
of the two energy densities is given by

VKV sy faTeV 3 (3.12)

where v indicates the frequency (and therefore the energy), while
the subscript v indicates the neutrino flux. The propagation of the
uncertainties on both the neutrino and X-ray fluxes results in a ~
0.5 dex®" uncertainty on their ratio.

Now, we can compute the expected neutrino spectrum as

1 fzmex 14z dV  [Lmax
F(E)—E/O WE./L FIE(1+2)]®[L,z]LdL dz, (3.13)

min

with 4%Z being the comoving volume element in a flat Universe

integrated over the entire solid angle®?

dv. cD(2) _ 3
d0dz ~ H(z) (1127 WhereH(z) = Hoy/Qm(1+2)° + O,

(3.14)

®[L,z] is the total, intrinsic comoving AGN X-ray luminosity func-
tion as per the CXB model, and f[E(1 + z)] is the neutrino flux den-
sity at the energy E(1 + z) normalized to the X-ray emission. We in-
tegrated the AGN X-ray luminosity function in the range Ly5_ok.v =
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[10*2 — 10%8] erg s~! and in the redshift interval z = [0 —5]. The
contribution of AGN at z > 5 to the total background flux is negligi-
ble, whereas integrating the AGN X-ray luminosity function down to
Los—okev = 10*! erg s~! to include the contribution of low-luminosity
AGN increases the total background flux by ~16% at most. For com-
parison, we also computed the neutrino diffuse background expected
in the very local Universe, i.e., within the distance of NGC 1068.

3.3.2  Results and discussion

NGC1068 v
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Figure 3.11 shows the resulting all-flavor neutrino background in-
tegrated up to redshift z = 5 (dotted black line). The comparison
with the latest measurement of the astrophysical diffuse neutrino
flux®3 (yellow shaded area) shows that the assumption that all non-
jetted AGN behave like NGC 1068 in terms of their neutrino prop-
erties is consistent with IceCube data above ~ 10 TeV. It is worth
noting that the results presented here are essentially neutrino model-
independent, as any model capable of reproducing the IceCube data
for NGC 1068 would yield similar curves in the energy range of the
diffuse neutrino energy spectrum.

We also compared our prediction to a recent IceCube analysis that
probed the neutrino emission from non-blazar (therefore mostly non-
jetted) AGN in the BAT Spectroscopic Survey (BASS®4) catalog.®5
They performed a weighted stacking analysis of the signals from all
selected sources under the assumption that the neutrino flux corre-
lates linearly with the intrinsic X-ray flux and that, therefore, brighter
X-ray AGN would be brighter in neutrinos®®. The result of this anal-
ysis is compatible with a diffuse astrophysical and atmospheric neu-
trino background. Hence, they place an upper limit at 9go% C.L. on
the total neutrino flux that can be produced by non-blazar, hard X-
ray AGN®7 (the green line in Figure 3.11). Our prediction is also

Figure 3.11: All-flavour neutrino background
derived from an X-ray AGN population syn-
thesis. Black curves show the computed
neutrino backgrounds for source populations
integrated up to the distance of NGC1068
and redshift z = 5 (dash-dotted and dotted,
respectively). A high-energy linear extrapo-
lation is added to the integrated spectrum for
z = 5 and combined with a blazar neutrino
background model (dashed grey curve) to
highlight the structure of the combined AGN
neutrino background flux (“double-humped”
black solid curve). The estimated uncer-
tainty on the neutrino flux from X-ray AGN
is 0.5 dex (grey bands). Also shown are the
current best-fit astrophysical diffuse neutrino
flux (yellow area), lceCube upper limits from
stacking analyses of non-blazar AGN (green
solid line), and the point-source neutrino flux
of NGC 1068 (blue area). See the text for
more details and references.

8 Naab et al., “Measurement of the astro-
physical diffuse neutrino flux in a combined
fit of IceCube’s high energy neutrino data”.

84 Ricci et al., “BAT AGN Spectroscopic Sur-
vey. V. X-Ray Properties of the Swift/BAT 70-
month AGN Catalog”

8 Goswami, “Search for high-energy neu-
trino emission from hard X-ray AGN with
IceCube”

8 Their weighting scheme also takes into
account the declination dependent detec-
tion efficiency of the IceCube detector, see
Chapter 4

87 corrected for the catalog incompleteness,
i.e., the missing unresolved sources, by
estimating the total expected neutrino flux
from the X-ray luminosity function (Ueda,
Akiyama, Hasinger, et al., “Toward the Stan-
dard Population Synthesis Model of the X-
Ray Background: Evolution of X-Ray Lu-
minosity and Absorption Functions of Ac-
tive Galactic Nuclei Including Compton-thick
Populations”).
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AGN Catalog and Data”.

8 Padovani, Petropoulou, et al., “A simplified
view of blazars: the neutrino background”.

% Aartsen et al., “Constraints on Ultrahigh-
Energy Cosmic-Ray Sources from a Search
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9 Aartsen and Aartsen, “Erratum: Con-
straints on Ultrahigh-Energy Cosmic-Ray
Sources from a Search for Neutrinos Above
10 PeV with IceCube [Phys. Rev. Lett. 117,
241101 (2016)]".

compatible with this recently published upper limit, although at the
same flux level.

The neutrino prediction in the very local Universe is also shown
up to the luminosity distance of NGC 1068 (dash-dotted black line
in Figure 3.11). In this case, the prediction is barely compatible with
the IceCube measurement within the uncertainties. However, it is
important to note that the CXB model used in this work is severely
limited at low redshift. Being based on observational data from X-ray
surveys, it suffers from the lack of statistics in the nearby Universe,
where only three AGN with intrinsic Lys_py > 10* erg/s in the
BASS DRz catalog®® (including NGC 1068) are closer than 10.1 Mpc.
However, the accuracy of the model’s predictions improves to the
percent level when including all redshifts up to z = 5.

Finally, to place our result in the larger context of neutrino emis-
sion from both jetted and non-jetted AGN, we have superimposed a
prediction of the neutrino diffuse flux from blazar jets, shown as a
dashed grey curve in the figure. This cumulative neutrino emission
is calculated within a photohadronic framework for the gamma-ray
emission, assuming a correlation between the neutrino and gamma-
ray flux Fytor = Yy F,(E > 10° GeV).39 The Yy, parameter en-
compasses information about the photomeson cross-section and the
proton luminosity and has been constrained to 0.13 by IceCube up-
per limits on the neutrino flux above 10° GeV.99' Summed with the
extrapolation to higher energies of the neutrino background from
non-jetted AGN, we get an approximate estimate of the total neu-
trino background from AGN. The shape of such emission would
then be characterized by a “double-humped” spectrum, proposing a
scenario where non-jetted AGN contribute mainly to the low-energy
(S 1 PeV) IceCube diffuse whereas blazars dominate the high-energy
part.

Importantly, it should not be overlooked that extrapolating the
neutrino emission from a population of non-jetted AGN based on
the observed X-ray and neutrino spectra of a single object poses some
non-negligible caveats. The observation of neutrinos from more non-
jetted AGN could help determine whether the entire population shares
the same neutrino production mechanisms as NGC 1068.

As part of the work presented in this thesis, we searched for neu-
trino emission from X-ray bright, non-jetted AGN in the Northern
sky using 13 years of IceCube data. The selection of the candidate
sources and the analysis results are discussed in Subsection 8.2.4.
We will see that the very recent observation of PeV neutrino emis-
sion from the non-jetted Seyfert 1 galaxy NGC 7469 already chal-
lenges the simple scenario where non-jetted AGN accelerate CRs at
medium energies, reserving 2 1 PeV proton acceleration for jetted
AGN.
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B [V IceCube Neutrino Observatory

In 1960, Markov and Zheleznykh proposed using large volumes of

water to detect neutrinos resulting from pion decays in the atmo-

sphere.” Marokov immediately realized that beyond an atmospheric ! Markov, “On high energy neutrino physics”.
neutrino flux,”[...] maybe there are neutrinos from the galaxy. Maybe

the intensity of these neutrinos is different.”.> The core idea was 2 lbid.

to use a large volume of a transparent medium, such as water or

clear ice, to identify the charged byproducts of neutrino interactions

through the detection of Cherenkov radiation. AMANDA was the

first neutrino telescope built in the deep, clear ice at the geographic

South Pole, and in 2001, it detected the atmospheric neutrino flux.3 3 Andrés et al., “Observation of high-energy
neutrinos using Cerenkov detectors embed-

However, it could only set upper limits on the much lower astrophys- ) b
ded deep in Antarctic ice”.

ical flux. This made the case for constructing an approximately 50
times larger detector and currently the largest operating neutrino
telescope worldwide, the IceCube Neutrino Observatory. In this
chapter, we describe the experimental signatures used by these types
of telescopes to identify neutrinos and briefly discuss the IceCube
detector. Furthermore, we describe the muon neutrino dataset used
for a point-source analysis, whose methods and results are detailed
in Chapter 5 and Section 8.2, respectively.

4.1 Neutrino detection principle

Neutrinos only weakly interact with matter and can cross cosmic
distances unhindered. This low interaction probability renders their
detection challenging. Early estimates of the expected flux of high-
energy astrophysical neutrinos indicated that neutrino observatories
require gigaton masses of detection medium to observe a few neu-

trino interactions per year.* Nature can provide the necessary vol- +Waxman and Bahcall, “High energy neu-
umes if the desired medium is water or ice. Such transparent me- g'”osdfrom astrophysical sources: An upper
ouna .

dia offer the possibility to detect the Cherenkov light produced by
relativistic charged particles created in high-energy neutrino interac-
tions.

For astrophysical studies, we are interested in interactions of neu-
trinos with energies 2 1 TeV. At these high energies, the neutrino
cross section for interactions with matter is dominated by deep in-
elastic scatterings of two types, depending on whether the final state
includes a neutrino or a charged lepton:
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scales”.

8 Gaisser, Engel, and Resconi, Cosmic Rays
and Particle Physics: 2nd Edition.

* Neutral current (NC) interactions are mediated by the neutral gauge
boson Z°. A neutrino with the same flavor as the incident neutrino
and with a fraction of its energy is found in the final state

0
u+X 5+ X (4.1)

* Charged current (CC) interactions are mediated by the W boson,
resulting in the conversion of the neutrino into the same flavor
lepton

+
u+x X E e x (4.2)

Both processes involve a neutrino scattering off an individual quark
inside the nucleon X, disrupting the target nucleus and creating a
hadronic cascade.

Neutrino—electron scattering is generally negligible at these ener-
gies due to the small target mass. However, interactions of electron
anti-neutrinos with electrons bound to the ice nuclei can result in the
resonant production of a W boson, which then decays into hadrons
and/or leptons

To+e~ =W~ — X/L (4-3)

The W resonance peaks at Ey, ~ m%;/(2m.) ~ 6.3 PeV, and at this
energy, the cross-section of this process overcomes the ones of the
nuclear interactions described above. Glashow initially predicted the
process in 1960, and recently, IceCube discovered an electron neu-
trino produced in the Glashow resonance process.® The upper panel
of Figure 4.1 shows the three cross-sections as a function of the neu-
trino energy. The ratio of the CC and NC cross-sections is ~ 2.4,
independent of energy. While neutrinos and anti-neutrinos can be
distinguished due to the valence quark composition of the nucleons
at lower energies, scattering at sea quarks becomes dominant above
1 PeV, making the two cross-sections nearly identical.”

When willing to measure the incoming neutrino energy, the frac-
tion of energy transferred to the hadronic system in the final state is
important. This is quantified by the inelasticity®

_ Ehad _ Ev—E

By inverting Equation 4.4, we get the distribution of the fraction of
energy shared with the final state lepton: E; = (1 —y)E,. The aver-
age inelasticity for the CC and NC interactions is shown in the lower
panel of Figure 4.1 for both neutrinos and anti-neutrinos.

In the case of NC scattering, the outgoing neutrino is not recon-
structed. Thus, experimentalists have to infer all event information
from the hadronic shower. Conversely, in CC interactions, the outgo-
ing lepton carries a sizeable fraction of the energy that will be lost in
the detection medium. If the traversed medium is ice or water, the
energy loss is visible as Cherenkov radiation.
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Cherenkov radiation is produced when a charged particle travels
through a medium at a speed greater than the speed of light in the
medium itself. As the particle moves, it polarizes the surrounding
molecules, which return to their normal state by emitting a faint,
blueish light. The emitted light forms a coherent shockwave, similar
to a sonic boom, which propagates as a cone along the particle’s
path®. The opening angle of the cone is

1

cosb. =

for a charged particle moving with velocity v/c = B in a medium
with wavelength-dependent refractive index n. In the ice, n ~ 1.32°
and a particle moving at approximately the speed of light produces a
light cone with 6. ~ 41°. A sketch of the propagation of Cherenkov
light is illustrated in Figure 4.2.

The number of photons emitted per unit wavelength (A) and unit
path length (x) by a charged particle can be approximately estimated
using the Frank-Tamm formula™

dN 27T 1
dxdr Az <1_ /32712(/\))' (46)

where & = ¢ /47 is the fine-structure constant. If we combine Equa-
tion 4.5 and Equation 4.6, we obtain a direct relation between the
Cherenkov angle and the number of photons emitted by the charged
particle:

dN  2nw

Tdn e sin? 6. (4.7)

The total light yield of the electromagnetic cascade caused by the en-
ergy losses is proportional to the energy of the primary particle.’?
This relation is crucial for neutrino-induced event reconstructions in
neutrino telescopes. Equation 4.7 implies that shorter wavelengths

Figure 4.1: Top: Deep-inelastic neutrino
cross sections for neutrino interactions with
matter as a function of the neutrino en-
ergy. Bottom: Average fraction of the neu-
trino energy transferred to the nucleon. Dif-
ferent colors represent different processes.
Solid and dashed lines indicate neutrinos
and antineutrinos, respectively. Data from
Gandhi et al., “Ultrahigh-energy neutrino in-
teractions”.

% Radel and Wiebusch, “Calculation of the
Cherenkov light yield from electromagnetic
cascades in ice with Geant4”

53
pan
<

N

Figure 4.2: |lllustration of the Cherenkov
cone emitted by a relativistic charged par-
ticle I. The light propagates as illustrated
by the superimposition of the colored circles.
The resulting Cherenkov cone opening an-
gle is 6. = 41° when a B ~ 1 particle
travels through the ice. Figure adapted from
Huber, “Multi-Messenger correlation study of
Fermi-LAT blazars and high-energy neutri-
nos observed in IceCube”.

' Aartsen et al., “Measurement of South
Pole ice transparency with the IceCube LED
calibration system”

" Frank and Tamm, “Coherent Visible Radia-
tion of Fast Electrons Passing Through Mat-
ter”.

2 R&del and Wiebusch, “Calculation of the
Cherenkov light yield from electromagnetic
cascades in ice with Geant4”.
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Figure 4.3: Simulations of the propagation
of Cherekov photons produced by a 100 TeV
v.-CC event. The color gradient represents
the time from white (early) to blue (late). The
optical properties of the medium are char-
acterized by an average scattering length
of Ascat = 2.5 m and an average ab-
sorption length of A;,s = 100 m, which
is a typical parameterization for the Antarc-
tic ice in IceCube(Aartsen et al., “Measure-
ment of South Pole ice transparency with the
IceCube LED calibration system”). Courtesy
of T. Glauch.

¥ Icecube Collaboration, “Observation of
high-energy neutrinos from the Galactic
plane”.

A much smaller fraction of high-energy
muons is produced in T decays or from
the decay of the W boson created in the
Glashow resonance.

'S Chirkin and Rhode, “Propagating lep-
tons through matter with Muon Monte Carlo
(MMC)".

Figure 4.4: Simulation of the Cherenkov
photons propagation in a 100 TeV muon
track in the ice. Stochastic energy losses
along the track create the light pattern. The
timing of the photon arrivals (color scale as
in Figure 4.3) permits the determination of
the direction of the track. Courtesy of T.
Glauch.

produce a more abundant light yield. However, the refractive in-
dex drops below 1 for A < 300 nm, effectively suppressing the
propagation of Cherenkov photons. Hence, the optimal detector of
Cherenkov radiation should be sufficiently dense to cause the elec-
tromagnetic cascade and, simultaneously, transparent to the optimal
photon wavelength, between 300 and 60oo nm. Clear water and ice are
available in large volumes in nature and satisfy the required condi-
tions. In the following, we will always refer to particle interactions in
the ice, as that is the detection medium used by the IceCube neutrino
telescope.

4.1.1  Event topologies

Depending on the neutrino flavor participating in the inelastic scat-

tering with the ice nuclei, the resulting Cherenkov light pattern presents

different topological features. Leveraging these differences, one can
identify various event signatures.

Cascade-like events

Events produced by v,-CC interactions and NC interactions of any
neutrino flavor feature a nearly spherical emission profile, resulting
from the short propagation lengths of electromagnetic and hadronic
components. Figure 4.3 shows the typical diffusion of Cherekov pho-
tons for this type of event. Cascade events allow limited angular
resolution to the original direction of the incident neutrino, with an
average of 10 — 15° below 10 TeV, which improves to 5 — 7° above
100 TeV."3 The possibility of calorimetric energy measurements com-
pensates for the poor angular resolution. In v.-CC interactions, the
neutrino energy is entirely transferred to the hadronic and electro-
magnetic cascades. Hence, the neutrino energy can be directly mea-
sured if the interaction vertex happens within the detection volume.
In NC interactions, the neutrino in the final state carries away part of
the energy.

Track-like events

Unlike electrons, muons produced in v,-CC interactions or in at-
mospheric showers (see Section 4.2)'# can travel several kilometers
before decaying. For example, on average, a 2 TeV muon travels
slightly less than 5 km in the ice.’> The signature is a track-like,
long, light pattern. Depending on whether the interaction vertex is
contained in the detection volume or not, the track is named starting
or through-going.

The elongated shape allows good angular resolution on the muon
direction, smaller than 1° above TeV energies. For 2 1 TeV muons
created in v,-CC interactions, the kinematic angle between the par-
ent neutrino and the muon is negligible (see Equation 4.13), and the
direction of the incident neutrino can be inferred with the same pre-
cision as the muon one. Hence, this event morphology is preferred
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for searching for point-like sources of astrophysical neutrinos. On
the other hand, only the fraction of energy that the muons deposit in
the detection volume is visible. The total muon energy can only be
determined statistically, adding significant uncertainty. The energy
losses of a 100 TeV muon along the track are shown in Figure 4.4.

Double bangs

CC interactions of tau neutrinos produce a hadronic cascade and
a T, which carries most of the initial energy. The 7 is unstable and
travels only ~ 50 m per PeV of energy before decaying into pions
(hadronic, ~ 65%) or into vev,/v-puv, (leptonic, ~ 17.5% each).1®

The hadronic decay and the leptonic decay into an electron cause
another cascade. In this case, the signature is a pair of cascades (a
double bang) connected by a short track of light induced by the mov-
ing tau. Double bangs induced by v, with energies below the PeV
are indistinguishable from single cascades, as the T lepton decays
too short after its creation. On the other hand, detecting a double
bang corresponds most likely to identifying tau neutrinos of astro-
physical origin, as v production in atmospheric showers is strongly
suppressed (see Figure 4.6). Earlier this year (2024), IceCube reported
on the detection of seven v -induced events and rejected the hypoth-
esis of the absence of an astrophysical v flux at 5 ¢ significance.’”” A
simulation of a double bang is displayed in Figure 4.5.

4.2 Atmospheric neutrinos

All analyses trying to identify an astrophysical signal with a neu-
trino telescope have to deal with two main background components:
atmospheric muons and atmospheric neutrinos, both byproducts of
particle showers induced by cosmic-ray interactions in the atmosphere.
These particles produce signatures identical to their astrophysical
counterparts in the detector. Hence, understanding the properties
of these background fluxes is of crucial importance for the correct
interpretation of experimental results.

The fluxes of atmospheric muons and neutrinos are closely related
to the production and decay of mesons. Cosmic ray hadronuclear in-
teractions with air nuclei create mesons at around 15-20 kilometers
altitudes. The decay of neutral pions results in two photons, which
will produce an electron-positron pair and initiate an electromagnetic
shower. The decay of charged pions and kaons produces the conven-

tional atmospheric neutrino flux. The main decay channels are:'8
= pF vy [+ (~ 99.99%), (4.8)
K* — p® + v [+, (~ 64%), (4-9)
K9 — ¥ + et v, [+7] (~41%), (4.10)
KY = 7 4 uF 4 vy [+ (~27%), (4.11)
K=t 4+n +n° (~ 13%), (4.12)

'6 Particle Data Group, “Review of Particle
Physics”.

Figure 4.5: Simulation of the Cherenkov
photons propagation in a double bang event
from the interacton of a v.. Their different
colors show the time difference between the
two cascades. Courtesy of T. Glauch.

7 Abbasi et al., “Observation of Seven As-
trophysical Tau Neutrino Candidates with
IceCube”.

'8 Particle Data Group, “Review of Particle
Physics”.
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' Gaisser, Engel, and Resconi, Cosmic
Rays and Particle Physics: 2nd Edition, pp.
107-122.

Figure 4.6: Contributions to the overall atmo-
spheric flux of muons (top left), muon neu-
trinos (top right), electron neutrinos (bottom
left), and tau neutrinos (bottom right). The
solid black line illustrates the sum of all con-
tributions. The dotted and dashed black lines
represent the total conventional and prompt
fluxes. The primary cosmic ray spectrum is
based on the H3a model (Gaisser, “Spec-
trum of cosmic-ray nucleons, kaon produc-
tion, and the atmospheric muon charge ra-
tio”). Figure reprinted with permission from
Huber, “Multi-Messenger correlation study of
Fermi-LAT blazars and high-energy neutri-
nos observed in IceCube”, adapted from Fe-
dynitch et al., “Calculation of conventional
and prompt lepton fluxes at very high en-
ergy”.

20 The muon produced in the pion decay.

with the percentages indicating the respective branching ratios. The
shower develops further as each new pion decays in muons and neu-
trinos. An additional contribution to the total neutrino spectrum
comes from the decay into electrons and neutrinos of muons, which
are not accelerated enough to reach the surface.

Each shower’s extension and depth strongly depend on the type
and energy of the primary particle. The initial hadronic interaction
and the complex dynamics of the shower development as a function
of energy and depth are described by a set of differential equations.™
Due to their complexity and non-linearity, they are typically solved
numerically. Figure 4.6 displays the numerical solutions for the at-
mospheric lepton fluxes resolved in the contributions from the decay
of different particles. The dominant fluxes at Earth are the muon and
muon neutrino fluxes. As we will see in the following sections, we
select a sample of muon neutrinos optimized for searching point-like
sources of astrophysical neutrinos. Hence, these backgrounds are the
most concerning ones in the context of this work.

<
— 0ta] K tau decay
""" total conv. K — D —_ A === decay
= total prompt

10° 10!

Vpt Uy

E3® [GeVZ/(cm? s sr)] E3® [GeV2/(cm? s sr)] |

When a meson is created, depending on its energy, one between
the two competing processes of decay and interaction is more likely
to happen. The muon flux is dominated by pion decays. For the
< 100 GeV, the dominant

~

Vu + V. and v, + 7, fluxes, at energies
contributions come from the pion decay and the decay of the pionic
muon??, respectively. At higher energies, the pion loses a more sig-
nificant fraction of its energy in interactions before decaying. Hence,
the byproducts of kaon decay become dominant. From ~ 1 TeV,
the interaction becomes more likely than the decay for kaons, too.
Hence, above 1 TeV, energy losses through interactions are domi-
nant for both pions and kaons, and the conventional neutrino energy
spectrum softens from ~ E~27 (the primary cosmic ray spectrum,
see Section 2.1) to ~ E~37.
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All lepton fluxes in Figure 4.6 show the emergence of a new com-
ponent around 100 TeV. This additional flux results from the decay
of a subdominant fraction of heavier, charmed mesons, D and A.
Due to the higher masses, their lifetimes are shorter, and they decay
promptly after production into lighter mesons, muons, and neutri-
nos>'. Hence, this flux is known as the prompt flux. Not having time
to lose their energy in interactions, the charmed mesons transfer all
their energy to the decay products. Therefore, the prompt spectrum
follows again the primary cosmic ray spectrum. As of today, no de-
tection of a prompt atmospheric neutrino flux has been reported by
the IceCube collaboration, and the reason for this non-detection re-
mains an open question.?*23

IceCube detects conventional atmospheric muons and neutrinos
at a very high rate of ~ 2.5 kHz. Experimentally, separating them
from astrophysical neutrino-induced muons is challenging and re-
quires sophisticated filtering strategies. The basic idea, however, is
that conventional atmospheric fluxes show a softer energy spectrum
compared to the expected astrophysical neutrino flux. Lower energy
muons present different energy loss patterns in the ice compared to
muons above TeV energies.** These differences can be leveraged to
effectively separate signal and background. However, atmospheric
showers usually produce muons in bundles, which imitate the sig-
nature of a single high-energy muon,?> thus limiting the background
suppression efficiency.2® Conveniently, astrophysical neutrino detec-
tors can use the Earth as an effective absorber of the atmospheric
muon flux. This strategy is adopted for the event selection used in
this work, as we will see in Section 4.4.

4.3 The IceCube detector

When neutrino telescopes were initially envisioned, it was proposed
to use large volumes of water to indirectly detect high-energy neu-
trinos via the Cherenkov radiation emitted by secondary charged
particles produced in their interactions.?” The necessity of large in-
strumented volumes can be understood by recalling the Waxman-
Bahcall limit (Equation 2.19), which suggests an all-flavor neutrino
Isr~1. This estimate aligns

with the most recent measurements®. When integrated over the sky,

energy density of ~ 2 x 1078 GeV em 25~

the energy density of Waxman and Bahcall translates into ~ 20 — 50
high-energy (2 100 TeV) neutrino-induced muons per square kilo-
meter per year,* a rate several orders of magnitude smaller than the
expected atmospheric muon and muon neutrinos fluxes. Therefore, a
kilometer-scale neutrino telescope is required to detect a statistically
significant number of astrophysical neutrinos.

2! Charmed mesons can also produce elec-
trons via semileptonic decays (Particle Data
Group, “Review of Particle Physics”), but
here we are interested in the hadronic com-
ponents of the shower.

2 Aartsen et al., “Characteristics of the Dif-
fuse Astrophysical Electron and Tau Neu-
trino Flux with Six Years of IceCube High En-
ergy Cascade Data”.

2 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”.

24 See Section 4.6 and Figure 4.10 for a re-
view on muon energy losses in the ice.

% Aartsen et al., “All-sky Search for Time-
integrated Neutrino Emission from Astro-
physical Sources with 7 yr of IceCube Data”.
% See Section 6.1 of Coenders, “High-
energy cosmic ray accelerators: searches
with IceCube neutrinos.  Probing seven
years of IceCube muon data for time-
integrated emission of point-like neutrino
sources” for a review.

# Markov, “On high energy neutrino
physics”.

2 see (Naab et al., “Measurement of the as-
trophysical diffuse neutrino flux in a com-
bined fit of IceCube’s high energy neutrino
data”) and Subsection 2.2.3

2 Gaisser, “Neutrino Astronomy: Physics
Goals, Detector Parameters”.



46

30 Aartsen et al., “In-situ calibration of the
single-photoelectron charge response of the
IceCube photomultiplier tubes”.

3 lbid.

% Abbasi et al, “Measurement of at-
mospheric neutrino mixing with improved
IceCube DeepCore calibration and data pro-
cessing”.

33 Abbasi et al., “IceTop: The surface com-
ponent of IceCube. The IceCube Collabora-
tion”.

Figure 4.7: Schematic view on the IceCube
detector (left) and a single In-lce DOM
(right). The 86 IceCube strings reach from
the surface down to a depth of around
2500 m. The surface IceTop array vetoes at-
mospheric air showers from cosmic ray in-
teractions while measuring the cosmic ray
spectrum. A more densely instrumented re-
gion at the center, the DeepCore, lowers the
detection energy threshold to ~ 10 GeV.
IceCube instruments approximately one cu-
bic kilometer of ice with 5160 DOMs, drawn
as circles on the strings. Images from Aart-
sen et al,, “The IceCube Neutrino Obser-
vatory: instrumentation and online systems”
and https://gallery.icecube.wisc.edu/interna
I/v/GraphicRe/visuals/dom/DOMNoHarness
Whiteback_Ig.jpg.html.

34 Aartsen et al., “Measurement of South
Pole ice transparency with the IceCube LED
calibration system”.

The IceCube detector, constructed in the deep Antarctic ice at the
South Pole, addresses this need. The ice is transparent enough to
allow the propagation of Cherenkov photons while also being natu-
rally abundant. IceCube instruments approximately a cubic kilome-
ter of ice between 1450 m and 2450 m in depth. By positioning the
instrumented volume deep underground, the overlying ice acts as a
shield, reducing the background flux of atmospheric muons.

Completed in 2011, IceCube comprises 5160 digital optical modules
(DOMs) deployed on 86 cables (strings) arranged in a hexagonal pat-
tern. Of these, 79 strings are spaced about 125 meters apart and
make up the Inlce Array. The geometry of the Inlce Array is op-
timized for detecting astrophysical neutrinos with energies ranging
from 100 GeV to PeV.3° At the center of the detector lies a more
densely instrumented region called DeepCore, featuring 7 additional
strings placed only 72 m apart. This configuration lowers the energy
threshold to ~ 10 GeV.3" The DeepCore detector is primarily used
for particle physics studies involving atmospheric neutrinos, such as
measuring oscillation parameters in the muon neutrino sector.3* Fi-
nally, the IceTop detector is located on the surface and consists of 82
Cherenkov tanks.33 IceTop measures air showers produced by cos-
mic rays impinging on the top of the atmosphere and, at the same
time, acts as a veto for the Inlce Array. An illustration of the IceCube
detector, showing all its components, is provided in Figure 4.7.
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4.3.1 Photon attenuation in the Antarctic ice

The amount of observed Cherenkov light that propagates through
the detector depends on the local properties of the ice. Short-term
climate variations from volcanoes and longer-term variations from
atmospheric dust affect the optical properties of the ice, producing
nearly horizontal layers.34 This layered structure affects how much
light the DOMs detect. Hence, the characterization of the ice proper-
ties is necessary to calibrate the detector response to photon hits.
The enormous pressure the ice has to sustain at a depth of 1.5 km
removes most of the air bubbles created by snowfall accumulations
over the centuries. Therefore, the deep Antarctic ice is highly trans-
parent and optimal for measuring optical photons. However, the


https://gallery.icecube.wisc.edu/internal/v/GraphicRe/visuals/dom/DOMNoHarnessWhiteback_lg.jpg.html
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transmission cannot be perfect, and two main processes cause pho-
ton attenuation in the ice: absorption, which effectively reduces the
number of photons that reach the DOMs, and scattering of photons
on dust molecules trapped in the ice. The latter is the most criti-
cal in the ice, with an attenuation length3> which can be as small as
20 — 25 m. Hence, with an intra-string spacing of 125 m, Cherenkov
photons will scatter multiple times before reaching a DOM.3°

LED flashers mounted in each DOM are used to calibrate the
absorption and scattering parameters of the ice in calibration rou-
tines run once per year.37 In addition, in-situ measurements using
Cherenkov light from low-energy muons are used to determine the
effect on photon propagation of the refrozen ice, which was melted
during the IceCube deployment (hole ice).3

4.4 Data acquisition and up-going muon tracks selection

The large background of atmospheric muons (see Section 4.2) can
be efficiently reduced by using the Earth as a filter, i.e., by selecting
events that originate from the Northern hemisphere. While prop-
agating through the Earth, muons are absorbed, while neutrinos
are less affected. Several IceCube works have already limited the
searches for neutrino sources to the Northern hemisphere only.39-4°
Accordingly, we also trade the Southern hemisphere for a purer neu-
trino sample.

This section reviews the data acquisition, triggering, and filter-
ing procedures adopted in this work. The outcome is a highly pure
selection of neutrino-induced muon tracks, optimized for searching
neutrino point-like sources. The results of point-source analyses (see
Chapter 5) using this event selection are presented in Section 8.2.

Data Acquisition

The fundamental detector unit is the DOM, which hosts a 10-inch,
downward-looking photomultiplier tube (PMT) alongside on-board
read-out electronics (see Figure 4.7). When a photon reaches a PMT
and triggers a response exceeding the threshold of ~ 0.23 times the
single photoelectron#’, the DOM records a hit. This hit contains in-
formation about the charge measurement over time, resulting in a
waveform. The waveform is digitized using an Analog Transient
Waveform Digitizer (ATWD) and a Fast Analog to Digital Converter
(FADC), allowing data collection over various time ranges.#* The
waveform is then deconvolved into a pulse series. Therefore, for each
DOM, the pulse series corresponds to a list of single photoelectron
charges and their time distribution, the two fundamental observables
to reconstruct the direction and energy of events.

Triggering and filtering — Level 2

When a DOM records a hit, the occurrence of coincident hits in the
nearest or next-to-nearest neighboring DOMs within +1 ps satisfies
the Hard Local Coincidence (HLC) criteria. When the HLC condition is
met, the entire digitized waveform is stored and sent to the surface.

3 Propagation length after which the photon
intensity is reduced by a factor 1/e.

% Aartsen et al., “Measurement of South
Pole ice transparency with the IceCube LED
calibration system”.

57 Aartsen et al., “The lceCube Neutrino Ob-
servatory: instrumentation and online sys-
tems”.

% Ibid.

39 Aartsen et al., “Search for steady point-like
sources in the astrophysical muon neutrino
flux with 8 years of IceCube data”.

40 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

“! The charge distribution over time induced
by a single electron created, due to the pho-
toelectric effect, when the photon hits the
photocathode of the PMT.

2 Aartsen et al., “The IceCube Neutrino Ob-
servatory: instrumentation and online sys-
tems”.
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43 Aartsen et al., “The IceCube Neutrino Ob-
servatory: instrumentation and online sys-
tems”.

4 See chapter 5 of Reimann, “Search for
the sources of the astrophysical high-energy
muon-neutrino flux with the IceCube neu-
trino observatory” and references therein for
more details.

4 Radel, “Measurement of High-Energy
Muon Neutrinos withthe IceCube Neutrino
Observatory”.

“ Ibid.

7 Ibid.

* Ibid.

9 Ibid.

For example, the selection used in this work requires 8 HLC within
5 us, a Simple Multiplicity Trigger known as SMT-8.43 When the SMT
is satisfied, IceCube records all DOM signals between —4 us and 6 ps
as a single event.

The SMT-8 trigger rate is approximately 2.5 kHz, dominated by
atmospheric muons. A series of software filters are applied to fur-
ther reduce the data transmitted to the North. Our selection passes
through the Muon Filter, optimized to select events with a track-like
signature. In general, this phase of the selection is based on quality
cuts applied to the output of simple and inexpensive directional re-
construction algorithms and to the total charge, used as a proxy for
the muon energy to suppress low-energy atmospheric events#4.

Events that pass the Muon Filter are transferred North via satellite
to the IceCube computing facilities for further data processing. The
data stream at this stage is about 34 Hz.

Muon Level 3

More complex track reconstruction algorithms are applied to the
events that survive the filtering. These include the splineMPE al-
gorithm used for the NorthernTrack selection, which will be intro-
duced in Subsection 4.5.1. The Muon Level 3 applies a different se-
lection to up-going and down-going events from the Northern and
Southern hemispheres, respectively. Stringent cuts on the reconstruc-
tion quality reduce the contamination of down-going events mis-
reconstructed as up-going.#> We select only up-going muon tracks,
with reconstructed declination 6 > —5°. For these events, it has been
estimated from simulations that approximately 89% of a benchmark
neutrino flux following an E~2 energy spectrum survives the muon
Level 3 filter. In contrast, only about 8.7% of atmospheric muons
remain in the sample.4® We are left with a data stream of approxi-
mately 3 Hz, still dominated by atmospheric muons.

Level 4-5

In the final selection steps, multi-variate methods are used to
further reduce background contaminations. Two boosted decision
trees (BDTs) are applied to select only tracks from the Northern
Hemisphere and reject mis-reconstructed down-going atmospheric
muons. The first BDT separates atmospheric muons from v,-CC
interactions with an angular resolution better than 5°;47 the second
BDT is meant to remove any remaining v.-induced cascades, which
have a much worse angular resolution,*® see Figure 4.3.

Finally, to ensure the stability of all reconstruction algorithms, we
require that data-taking runs have no more than 1 non-active string
and 100 non-active DOMs.

Figure 4.8 shows a comparison between the event rates at the SMT-
8 trigger level and the up-going muon tracks selection used in this
work. Based on Monte Carlo (MC) simulations, 99.7% of the selected
events are induced by neutrinos, and only ~ 0.3% of the sample
consists of atmospheric muons.*9
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4.5 Directional reconstruction

The photoelectron charges and time stamps are the fundamental
quantities to reconstruct the two most relevant event properties: the
energy and the direction of the incoming neutrinos. Inferring the
direction of the parent neutrino is crucial for searching for accumu-
lations of astrophysical neutrinos from the direction of astrophysical
sources. Muon events induced by v,,-CC interactions result in track-
like light patterns. The long pattern of energy losses facilitates an
accurate angular reconstruction of the muon direction. Furthermore,
as the angular separation between the muon and the parent neutrino
decreases with increasing energy>°

E, -0.7
=07°( ==
Py =0 <TeV) ’

the direction of the parent neutrino can be inferred with the same

(4.13)

precision as the muon one for high-energy events. At TeV energies
and below, the kinematic angle ¥y, poses an unbeatable limit for the
angular resolution of any reconstruction.

As previously discussed, simple and fast reconstruction algorithms
are applied during the early processing stages. Based on their out-
puts, quality cuts to suppress the background rates are applied to
the data sample. Furthermore, first-guess reconstructions are used
as a seed for more complex algorithms. The SplineMPE reconstruc-
tion algorithm is applied to the up-going muon sample used in the
point-source analysis performed in this work.

4.5.1  SplineMPE

SplineMPE>" reconstructs track-like events by assuming a straight-
line trajectory crossing the detector at the speed of light, with con-
tinuous energy losses along the path. The differences between the
observed hit times and the expected time distributions from geo-
metrical propagation of unscattered Cherenkov photons can be an-
alytically approximated by a Pandel function.5*> The left panel of

Figure 4.8: Left: The event rate at the
trigger level is shown as a function of
the declination. The background of atmo-
spheric muons originates exclusively from
the Southern sky (dashed line), as the North-
ern sky benefits from the shielding of the
Earth. Nevertheless, mis-reconstructed at-
mospheric muons dominate the data rate in
the Northern hemisphere. Right: Final level
sample of well-reconstructed up-going muon
tracks. Figure reprinted with permission from
Glauch, “The Origin of High-Energy Cosmic
Particles: IceCube Neutrinos and the Blazar
Case”.

% Learned and Mannheim, “High-Energy
Neutrino Astrophysics”.

51 Abbasi et al., “A muon-track reconstruction
exploiting stochastic losses for large-scale
Cherenkov detectors”.

%2 van Eijndhoven, Fadiran, and Japaridze,
“Implementation of a Gauss convoluted Pan-
del PDF for track reconstruction in neutrino
telescopes”.
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53 Whitehorn, van Santen, and Lafebre, “Pe-
nalized splines for smooth representation of
high-dimensional Monte Carlo datasets”

Figure 4.9: Left: Pandel function to approx-
imate the probability density function of the
residual arrival time of Cherekov photons for
different distances from the DOM. Courtesy
of M. Huber. Right: The median angular
resolution of the SplineMPE reconstruction
algorithm (blue) is compared to the median
kinematic angle between the parent neutrino
and the muon. The shaded band represents
the 68% central quantile of the reconstructed
muon directions.

54 Haack, “Observation of high-energy neu-
trinos from the galaxy and beyond”.

55 Abbasi et al., “A muon-track reconstruction
exploiting stochastic losses for large-scale
Cherenkov detectors”.

% Haack, “Observation of high-energy neu-
trinos from the galaxy and beyond”.

Figure 4.9 shows the distribution of the residual time modeled by
a Pandel function for different distances between the track and the
DOM. The photon travels multiple scattering lengths with increas-
ing distance, and the distribution broadens. The Pandel modeling
includes parameters that account for the scattering length of pho-
tons in the ice and the detection efficiency and dark noise level of the
PMTs. However, it does not account for the variations in the optical
properties of the ice in different regions of the detector. This limita-
tion can be overcome using MC simulations of photon propagation
in the ice from light sources at various locations and with different
orientations in the detector. These simulations assume a muon track
of infinite length. The resulting time residual PDFs (probability den-
sity functions) are stored in numerical tables and then interpolated
using penalized B-splines>3.
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Intuitively, the track direction could be inferred from the likeli-
hood of the recorded arrival times of all photon hits at each DOM.
However, this likelihood construction suffers from PMT effects such
as afterpulses or late pulses,>* which are not modeled in the time
residual PDFs. To make the approach insensitive to such PMT ef-
fects, SplineMPE uses only the combined likelihood of the residual
arrival time of the first photon hit, tl,;, at each DOM:55

N, pulses,i — 1

Npowms . x?
Lmpe = H p(tres,i|xi'H) /p(t|xi/H)dt

1
1
tres,i

(4-14)

In Equation 4.14, the likelihood of the observed first hits, p(t} esi | x;, H),
at DOM position x; and under the track hypothesis H, is multiplied
by the probability of observing Npyises — 1 pulses at a later time.5°
The product is over all DOMs, Npops-

The direction of a muon track is obtained by minimizing the nega-
tive logarithm of Equation 4.14 over H. The right panel of Figure 4.9
displays the angular separation between the median splineMPE re-
construction and the parent neutrino direction as a function of the

neutrino energy. In the same figure, the kinematic angle between the
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muon and neutrino is shown as well. The median angular resolution
drops below 0.5° at TeV energies and further improves to 0.2° above
1 PeV.

4.5.2  Uncertainty on the reconstructed direction

Estimating the uncertainty of the reconstructed event direction is
crucial for evaluating the probability that the event originates from
a specific direction in the sky, e.g., from a point-like astrophysical
source. An accurate per-event angular uncertainty estimation could
be obtained from re-simulations of the detected events with sub-
sequent application of the SplineMPE reconstruction.57-5¢ However,
high-statistics event samples pose computational constraints that re-
quire less expensive solutions.

Here, we report on two angular uncertainty estimation methods:
Paraboloid, which is used in the public neutrino data sample de-
scribed in Chapter 6, and a multivariate estimation method based
on BDTs,59 which is applied to the up-going neutrino sample for the
point-source analysis described in Chapter 5.

Paraboloid

One angular uncertainty estimation is based on the Paraboloid al-
gorithm,® which approximates the SplineMPE log-likelihood func-
tion around the best-fit position using a bi-dimensional parabola. A
circular angular uncertainty (Tr/, can be obtained by taking the mean
square of the paraboloid axes along the two spatial dimensions. The
underlying assumption is that the angular resolution is normally
distributed around the true direction, with standard deviation Ul’q.él
Most IceCube analyses use a circle containing 50% of the distribu-
tion as the angular uncertainty estimator. Conveniently, this median
angular resolution can be obtained as 0}, = 1.177(7;,.62

0 does not account for the uncertainty due to the kinematic angle
between the parent neutrino and the muon (Equation 4.13). Hence,
a point spread function based on ¢}, could underestimate the scatter-
ing of the reconstructed tracks around the neutrino source by up to
a factor of ~ 2.9 To include this additional uncertainty, the median
angular uncertainty is shifted using an energy-dependent correction
factor estimated from MC simulations assuming an E~2 astrophys-
ical neutrino spectrum. The correction factor rescales ¢, to equal
the median opening angle between the primary neutrino and the
secondary muon track at a given muon track energy. However, the
resulting 0}, does not fully describe the distribution of kinematic an-
gles for a given reconstructed muon energy, which is non-trivial as
it originates from events induced by neutrinos with very different
energies.

57 Abbasi et al., “Studies of systematic uncer-
tainty effects on IceCube’s real-time angular
uncertainty”.

% Sommani, Lagunas Gualda, Nieder-
hausen, et al., “Towards a more robust
reconstruction method for IceCube’s
real-time program”.

59 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

% Neunhoffer, “Estimating the angular reso-
lution of tracks in neutrino telescopes based
on a likelihood analysis”.

& Ibid.

2 Ibid.

8 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".
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84 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

% Ibid.

% |n this case, the input variable is ignored
by the BDT, which relies on the other observ-
ables to produce a stable output.

57 Chirkin and Rhode, “Propagating lep-
tons through matter with Muon Monte Carlo
(MMC)".

Multi-variate angular uncertainty estimation

The approximation of a Gaussian spatial distribution of the muon
tracks around the source is not always valid, especially for low-
energy events, as we will see in Section 5.1. Primarily, the devia-
tion from the normal distribution is caused by the kinematic angle
between the neutrino and the secondary muon. Moreover, depend-
ing on the muon track energy and underlying neutrino spectrum,
2 — 10% of the Paraboloid fits fail.®

An alternative estimator is based on a BDT, which parametrizes
the median angular separation between the reconstructed and the
true muon directions as a function of 17 observables, including the
paraboloid angular uncertainty, an estimate of the position of the
largest energy deposition in the detector, a measure of the stochastic-
ity of the event energy loss pattern, the track declination as estimated
by SplineMPE, and angular separations between different track re-
construction methods.®> Hence, the BDT can account for the large
variety of characteristics in different track-like signatures while also
producing a reliable angular error estimate when the ¢, estimation
fails.00

The BDT angular uncertainty is applied to the upgoing muon
track sample developed for point-source searches. The kinematic
angle contribution to the overall uncertainty is modeled in the point
spread function (PSF) of the point-source analysis described in Sec-
tion 5.1. As the PSF is modeled for different power-law spectral
indices, the dependence of the kinematic angle on the underlying
neutrino energy spectrum can be naturally folded in.

4.6  Energy reconstruction

In any search for astrophysical neutrinos, the muon energy is the
primary observable that helps distinguish between atmospheric and
astrophysical events. Furthermore, the distribution of the observed
energies is crucial to characterize the underlying energy spectrum
of neutrino sources. Hence, an accurate energy reconstruction is re-
quired. However, the inference of the energy of a high-energy muon
crossing the detector is a challenging task. The muon is usually not
fully contained. Therefore, only a segment of its track is seen in the
detector, and a calorimetric measurement is not possible.

Generally, as a muon travels through matter, it loses energy due
to ionization losses, bremsstrahlung, photo-nuclear interaction, and
pair production.®? Losses due to ionization vary slowly with energy,
while radiative losses increase with energy. The average energy loss
per propagation length dx can be described as

_dE _
dx

As seen in Figure 4.10, the two coefficients a(E) and b(E) are ap-

a(E)+b(E)E. (4.15)

proximately constant. Equation 4.15 implies a proportionality be-
tween energy losses and muon energy. Above 1 TeV, the energy loss
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increases proportionally to the muon energy and is therefore propor-
tional to the number of photoelectrons detected. The mean energy
loss in Equation 4.15 can then be estimated as the ratio of the total
number of photoelectrons detected for a given event to the expected
number for a minimum ionizing muon losing 1 GeV/m along the
same trajectory, multiplied by 1 GeV/m®.
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Above 1 TeV, stochastic radiative processes become dominant over
ionization. As a result, variable energy loss patterns can be caused
by muons of the same energy (see Figure 4.4). Hence, the spread
of dE/dx increases, and the inference of the muon energy becomes
more challenging. Additionally, large energy depositions that satu-
rate the PMTs cause an overestimation of the muon energy.®9

Here we report on two energy reconstruction algorithms tackling
the issues related to stochasticity in different ways: Truncated Energy,
which is used in the public neutrino data sample described in Chap-
ter 6, and an energy reconstruction algorithm based on deep neural
networks,”® which is applied to the up-going neutrino sample for the
point-source analysis described in Chapter 5.

4.6.1  Truncated Energy

The Truncated Energy algorithm calculates the losses for each DOM
within 60 m of the track and excluding the half with the highest
observed-to-expected photoelectron ratio. The estimated dE/dx is
then calculated by averaging the contributions from the remaining
50% DOMSs. The left panel of Figure 4.12 shows the performance of
this reconstruction. On average, high-energy events are correctly re-
constructed, while a degeneracy in the reconstructed energy of sub-
TeV tracks is likely caused by the truncation of the already small
information content.”*

% Abbasi et al., “An improved method for
measuring muon energy using the truncated
mean of dE/dx”

Figure 4.10: Contribution from ionization and
stochastic radiative processes to the muon
energy loss in ice displayed with different col-
ors as a function of the muon energy. The
solid black line shows the total energy loss
given by the sum of all contributions. The
dashed black line represents the sum of all
stochastic processes. Adapted from Huber,
“Multi-Messenger correlation study of Fermi-
LAT blazars and high-energy neutrinos ob-
served in IceCube”.

% Abbasi et al., “An improved method for
measuring muon energy using the truncated
mean of dE/dx”.

0 Glauch, “The Origin of High-Energy Cos-
mic Particles: IceCube Neutrinos and the
Blazar Case”.

" Ibid.
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1068”.

3 Glauch, “The Origin of High-Energy Cos-
mic Particles: IceCube Neutrinos and the
Blazar Case”.

 Ibid.

5 For starting events, it is the muon energy
at the interaction vertex contained in the de-
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Figure 4.11: Fraction of the parent v, visi-
ble as muon energy in the detector estimated
from MC simulations. The solid blue line in-
dicates the median muon energy at its first
intersection with the detector volume, Effltry,
while the blue band represents the 90% cen-
tral quantile of the distribution. The solid pink
line shows the median energy deposited in
the detector volume by a muon track, Eﬁep,
with the dashed lines representing the 90%
central quantile.

6 Glauch, “The Origin of High-Energy Cos-
mic Particles: IceCube Neutrinos and the
Blazar Case”

7 Ibid.

Figure 4.12: Comparison of the DNN-based
(left) and Truncated Energy (right) muon en-
ergy reconstruction. The color scale maps
the column-normalized PDF of the recon-
structed muon energy at the point where the
track intersects the detector volume (Eamry).
The black solid line represents the ideal case
of unbiased predictions. The Solid white line
shows the median reconstructed energy

4.6.2  Deep neural network for energy reconstruction

An alternative energy reconstruction method uses a deep neural net-
work (DNN) optimized for up-going muon tracks.”? The DNN en-
ergy estimator takes as input the DOMs pulse maps and has 15 in-
put features, including the total charge and several quantiles of the
charge distribution, the hit times, and the amount of charge collected
as a function of time.”3 It has been trained on approximately 6 mil-
lion up-going tracks reconstructed assuming different ice models to
gain stability against the systematic uncertainty on the ice proper-
ties.”4 The network is trained to predict the muon energy when it
enters the detector volume.”>

Compared to the deposited energy in the detector volume, the
energy on detector entry has the advantage of being independent
of the actual track length in the detector”®. Hence, it approximates
the parent neutrino energy more closely, as seen in Figure 4.11. The
muon energy on detector entry is an especially good proxy of the
neutrino energy for low-energy events, which are statistically mainly
detected when the neutrino interacts near the detector volume: On
average, more than 50% of the neutrino energy below 1 TeV is seen
as muon energy, with a relatively narrow distribution spread, see
Figure 4.11.

Overall, the DNN energy estimator uses more event information
compared to Truncated Energy. As a result, it improves the energy
resolution by up to 50%77 and removes the energy degeneracy at
muon energies < 1 TeV (see Figure 4.12). As most events in the data
sample are induced by low-energy atmospheric neutrinos, the DNN
improves the energy estimates for a significant fraction of the sample.
Moreover, an unbiased energy estimation allows the correct attribu-
tion of a kinematic angle to reconstructed muons, which is especially
important at low energies (see the right panel of Figure 4.9).

The DNN energy reconstruction is applied to the upgoing muon
track sample developed for point-source searches.
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4.7 Final sample of up-going muon tracks

The final sample of up-going muon tracks that will be used to per-
form several searches for neutrino point-like sources in the Northern
sky consists of 13 years of experimental data. Compared to the pre-

vious work that used the same event selection and recor1struc’rions,78 78 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC

we include three more data-taking seasons for the complete detector 1068"

configuration, IC86 (IceCube with 86 strings), and one year of data
collected in 2010, when IceCube consisted of 79 strings only. This in-
complete detector configuration is known as IC79. Overall, the data
sample is increased by 50% compared to the previous work.

After the Level 4 and Level 5 processing levels described in Sec-
tion 4.4, the DNN energy and BDT angular uncertainty estimators
are applied to the data sample. Events with reconstructed energy be-
low 100 GeV are excluded, and the minimum angular uncertainty of
events is 0.1°. Table 4.1 reports the characteristics of each experimen-
tal data sample, summarizing the start and end times in Modified
Julian Date format (MJD), the total number of selected events, and
the corresponding detector uptime (livetime). The livetime is calcu-
lated based on events that pass the Level 2 processing. Our selection
retains 991499 events for a total livetime of about 4767 days, corre-
sponding to a rate of about 2.41 mHz. The expected atmospheric and
astrophysical neutrino rates are 2.39 mHz and 9.8 uHz, respectively,
as estimated from simulations.

Season MJD Start MJD Stop N Events Livetime [days] Table 4.1: Overview of the experimental data
samples, including start and end times in

IC79 2010 55348.8 55694.4 61263 312.12 MJD format, the number of selected events,
and the livetime in days. The newly added

IC86 2011 55694-4 56062.4 70185 338.09 seasons are highlighted in blue.
IC86 2012 56062.4 56414.4 68446 325.43
IC86 2013  56400.5 56783.2 73513 352.28
IC86 2014  56757.4 57160.0 74892 360.88
IC86 2015  57136.1 57528.9 76138 364.60
IC86 2016  57528.9 57891.2 74332 355.78
IC86 2017  57891.2 58309.1 85726 409.91
IC86 2018 58288.8 58682.0 76804 368.09
IC86 2019  58682.0 58998.8 65257 311.04
IC86 2020  58977.2 59361.8 75366 361.21
IC86 2021 59337.9 59794.6 89220 428.85
IC86 2022 59771.6 60276.9 100357 479.01
Total 991499 4767.31

4.7.1  Simulations of the IC86 detector

Simulations of the detector response to neutrino-induced muons are
crucial for interpreting experimental results of physics analyses. As
will be described in detail in Section 5.1, the point-source analy-
sis employed in this work is based on a likelihood-ratio test where
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Figure 4.13: Absorption cross-section for
neutrino traversing the Earth at which the
transmission probability is reduced to 1/¢ ~
0.37 shown as a function of the sine of dec-
lination (J). Horizontal dashed lines indicate
the critical cross-section for three exemplary
neutrino energies. Figure adapted from Pal-
ladino, Spurio, and Vissani, “Neutrino Tele-
scopes and High-Energy Cosmic Neutrinos”.

7 The cross-section for NC interactions in-
creases similarly. However, NC processes
produce a neutrino with reduced energy,
thus less prone to absorption in the Earth.

80 Bugaev et al., “Propagation of T-neutrinos
and T-leptons through the Earth and their
detection in underwater/ice neutrino tele-
scopes”.

8! Fedynitch et al., “Calculation of conven-
tional and prompt lepton fluxes at very high
energy”, available on GitHub at https://gith
ub.com/mceq-project/MCEq.

82 Gaisser, Stanev, and Tilav, “Cosmic ray
energy spectrum from measurements of air
showers”.

8 Riehn et al., “The hadronic interaction
model Sibyll 2.3c and Feynman scaling”.

the PDFs of the events are inferred from the distributions of simu-
lated events. The PDFs depend on three reconstructed observables—
the muon energy, direction, and uncertainty on the reconstructed
direction—and on the parameters describing the tested hypotheses.
Hence, event simulations must cover a large, multi-dimensional pa-
rameter space. For these reasons, our MC simulations of events need
to satisfy two requirements:

¢ excellent agreements with the distribution of the experimental
data to ensure that PDFs modeled on simulations correctly rep-
resent the observed neutrino events, and

* high statistics, at least an order of magnitude greater than the
number of events in the experimental data sample.

Compared to the previous point-source analysis using 9 years
(IC86 2011-2019) of the same data selection, we double the statistics
of v,, simulations and include v simulations.

As discussed in Subsection 4.1.1, v¢-CC interactions can produce
a vy flux from the decay of 7 leptons. This regenerated flux has
a relevant contribution at high declinations. In fact, the Earth is
not transparent for high-energy neutrinos because of the increas-
ing cross-section of CC interactions with the incident neutrino en-
ergy (see Figure 4.1)79. Muons produced in CC interactions of high-
energy neutrinos in the Earth quickly lose most of their energy due to
the exponential energy loss trend at high energies (see Figure 4.10).
Conversely, tau leptons produced in v interactions promptly de-
cay, regenerating a v, before losing too much energy. This mecha-
nism extends the range over which the secondary products of a v
flux can be detected.8° Thanks to the regenerated neutrino flux, the
detection efficiency of IceCube towards the pole improves (see the
central panel of Figure 4.17). The critical absorption cross-section at
which the transmission probability of neutrinos of various energies
is reduced to 1/e ~ 0.37 is shown in Figure 4.13 as a function of
declination.

Including v, and v, simulations, we use approximately 28 million
MC events simulated in the IC86 detector. A list of the simulation
datasets and their properties can be found in Appendix C.1. The
simulated samples are weighted according to the sum of expected
atmospheric and astrophysical fluxes. We calculate the atmospheric
flux using the Cascade Equation solver MCEq®" assuming the GST
primary cosmic ray model®? and the SYBILL 2.3¢ hadronic interac-
tion model.83 To match the observed rate of atmospheric neutrinos
in the experimental data, the predicted flux is scaled up by a con-
stant factor of ~ 1.2. The remaining mismatches of a few percent
between experimental data and MC are further corrected by apply-
ing a bi-dimensional spline, which models the small differences in
the declination-energy parameter space. The almost perfect agree-
ment with the IC86 data resulting from this procedure is shown in
Figure 4.14 for the three reconstructed muon observables: the DNN


https://github.com/mceq-project/MCEq
https://github.com/mceq-project/MCEq

CHAPTER 4. THE ICECUBE NEUTRINO OBSERVATORY 57

energy, the SplineMPE declination, and the ogpt angular uncertainty
between the true and reconstructed muon. The agreement ensures
that PDFs modeled on simulations correctly describe the experimen-
tal data.

1C86: Atmospheric —— Astrophysical
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The slight overestimation of events with ogpr < 0.2° in simula-
tions compared to data is due to an excess of MC events with energy
below 500 GeV which unexpectedly have good angular resolution
according to the BDT estimator. However, these low-energy events
have a large kinematic angle between the parent neutrino and the
secondary muon. Hence, when this additional uncertainty is taken
into account, the total angular uncertainty is

_ 2
Otot = \/ UBDT + lp%u

and the median value of oyt increases to ~ 0.5°. Hence, the point

(4.16)

spread function of these mis-reconstructed events becomes extremely
wide and flat,4 and their contribution to a point-source signal is
washed out, together with the overall effect of the slight disagree-
ment between data and MC which becomes negligible.

4.7.2  Simulations of the IC79 detector

The IC79 data sample is added for the first time in this work.85 A
high-statistics sample of MC simulations (O(107)) does not exist for
this detector configuration. Generating a large amount of new sim-
ulations for an old dataset is very resource- and time-consuming.
However, the IC79 detector is almost as big as IC86, as their Inlce
Arrays differ by five strings only, as visible in the left panel of Fig-
ure 4.15. Hence, including it in the data sample is almost as conve-
nient as adding one more year of complete detector configuration.
Although the two detector configurations are similar, the distri-
butions of MC events in the IC86 detector do not match the exper-
imental data from the ICy9 detector. This is especially true for the
reconstructed energy distribution. In fact, events whose light could
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Figure 4.14: Data-MC agreement for the
1C86 seasons in the reconstructed muon ob-
servables: the DNN energy, the SplineMPE
declination, and the oppr angular uncer-
tainty. In the upper panel, the black dots
and error bars represent the experimental
data with statistical uncertainties, while the
blue and light blue histograms show the ex-
pected atmospheric and astrophysical neu-
trino fluxes. Simulations assume the base-
line ice configuration and DOM efficiency.
The lower panel shows the ratio agreement
between the experimental data and the sum
of the two simulated flux components.

8 The point spread function of the point-
source analysis is discussed in Section 5.1.

% Bellenghi, Ha Minh, et al., “Extending the
IceCube search for neutrino point sources
in the Northern sky with additional years of
data”.
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Figure 4.15: Left: Disposition of the strings
in the IceCube coordinate system. The yel-
low dots mark the last seven strings added,
which changed the detector from the IC79 to
the 1C86 configuration. For this work, only
the five strings added to the edge of the
detector are relevant, as the other two are
part of the DeepCore detector (dots outlined
in grey), which is excluded from the analy-
sis. Right: The muon energy on detector
entry for the same simulated events in the
IC79 detector and in the IC86 detector. The
color scale represents the number of events
per bin. Approximately 14% of the simulated
events have a lower muon energy in the IC79
configuration.

be detected by the newest five strings might have a different muon
energy on detector entry, i.e., the energy proxy predicted by the DNN
(see Subsection 4.6.2), depending on whether those strings are there
or not. In general, IC79 data are expected to show a distribution of
muon energies slightly shifted to lower energies compared to 1C86
data. This is visualized in the right panel of Figure 4.15, where the
muon energy on detector entry of MC events in the IC79 detector has
been calculated by removing the additional strings from the IC86 de-
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Therefore, IC86 MC simulations cannot be used to describe the
distribution of ICy9 data. To circumvent this problem, we gener-
ate a sample of IC79 MC simulations by re-applying the processing
pipeline described in Section 4.4 to the IC86 simulations, starting
from Level 2, after removing all pulses recorded by the last-added
five strings. Subsequently, the DNN energy and BDT angular uncer-
tainty reconstructions are applied to the obtained IC79 simulations.
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Figure 4.16: Data-MC agreement for the
IC79 season in the reconstructed muon ob-
servables: the DNN energy, the SplineMPE
declination, and the ogpr angular uncer-
tainty. See Figure 4.14 for more details.
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The agreement of data with MC simulations for the IC79 detec-
tor configuration is shown in Figure 4.16. Since a well satisfactory
agreement is also reached for this data sample, we can include it in
the point-source analysis described in Chapter 5, which is performed
on the combined IC79 4- IC86 dataset.

4.7.3 Neutrino detection efficiency

An important figure of merit in evaluating the sensitivity of a data
sample to a neutrino signal is the detection efficiency. The number of
neutrinos in an energy range AE that IceCube detects from a given
neutrino flux, in a certain time interval AT, and from a solid angle in
the sky A(), is a function of the detector effective area A

3¢,
Ny = /AT d AQ da /55 dEAci(E, ) dtdQdE

Aefe varies depending on the incoming neutrino energy and declina-

(4.17)

tion, while the dependence on the right ascension is negligible due
to IceCube’s location at the South Pole. Furthermore, it encompasses
information on the geometrical acceptance of the detector, the effects
related to the flavor- and declination-dependent neutrino propaga-
tion through the Earth, and the interaction probability. As v and 7
are indistinguishable in the detector, the effective area accounts for
both.

7 7
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g o
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The effective area of the IC86 data sample is shown in the left
panel of Figure 4.17 for three different solid angles. The central
panel of the same figure illustrates how the contribution from the
regenerated v, flux improves the detector acceptance at high ener-
gies and declinations. Finally, in the right panel of Figure 4.17, the
effective areas of the IC79 and IC86 detectors integrated over the en-
tire Northern hemisphere (—5° < § < 90°) are compared. The larger
IC86 detector volume translates into a ~ 10% larger effective area.
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Figure 4.17: Simulated effective area of the
up-going muon sample as a function of the
neutrino energy. Left: Effective area of the
1C86 detector shown for three different dec-
lination bands in the Northern sky. Towards
the pole, the absorption of v, neutrinos in
the Earth slows down the increase of the ef-
fective area with increasing neutrino energy.
Center: Above 30° declination, the effective
area to v, and v (blue) is 10 — 100 times
higher than the effective area to v, only
(blue) at PeV energies and beyond (lower
panel). Right: Effective area comparison
between IC86 and the down-selected 1C79
sample. The larger IC86 detector volume
translates into a ~ 10% larger effective area
(lower panel).
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8 Blaufuss et al., “The Next Generation of
IceCube Real-time Neutrino Alerts”

87 https://gen.gsfc.nasa.gov/

8 Smith et al., “The Astrophysical Multimes-
senger Observatory Network (AMON)”

8 The main features of the “max” SplineMPE
algorithm that are not included in the “fast”
configuration are an accurate noise model-
ing and the convolution of the MPE likeli-
hood with an energy-dependent Gaussian
function (Abbasi et al., “A muon-track re-
construction exploiting stochastic losses for
large-scale Cherenkov detectors”).

% Aartsen et al., “Energy reconstruction
methods in the IceCube neutrino telescope”
9" Abbasi et al., “lceCat-1: The IceCube
Event Catalog of Alert Tracks” and Abbasi et
al., “Erratum: “lceCat-1: The IceCube Event
Catalog of Alert Tracks” (2023, ApJS, 269,
25)”

4.8 Realtime issue of neutrino alerts

Many astrophysical sources exhibit significant time variability in the
electromagnetic spectrum. Therefore, timely or coincident observa-
tions are crucial to identifying transient phenomena. With an up-
time > 99% and the possibility to constantly observe the entire sky,
Icecube is the ideal instrument to prompt follow-up observations of
other observatories.

Since 2016, IceCube has deployed a real-time alert system for com-
municating the detection of well-reconstructed, high-energy neutri-
nos that have a high probability of being of astrophysical origin.
When one of these events is detected, it is necessary to reconstruct
its properties quickly using fast algorithms. The overall quality re-
garding angular resolution, energy, and topology is evaluated. If
the event passes all the selection criteria,3 a notice is sent to the
Gamma-ray Coordinated Network®” (GCN) via the Astrophysical
Multi-Messenger Observatory Network®® (AMON) within approxi-
mately 33 seconds. Consequently, follow-up observations from other
instruments are triggered. The first directional reconstruction uses
the “fast” configuration of the SplineMPE algorithm, which needs
fewer steps in optimization compared to the “max” configuration
used for the up-going muon track selection (see Subsection 4.5.1).89

After the GCN notice is sent out, alert events are reconstructed
more precisely using slower, more sophisticated algorithms®° dif-
ferent from those used for the up-going neutrino sample for point-
source searches (see Subsection 4.5.1 and Section 4.6). This refined
event information is then circulated as an update to the initial GCN
notice. Track-like alerts with refined reconstructed properties are
collected in the IceCube Event Catalog of Alert Tracks (IceCat)?*.

Alert events that pass the event selection criteria described in Sec-
tion 4.4 will be included in the sample of up-going muon tracks used
to search for neutrino point-like sources in the analysis described in
Chapter 5 and Section 8.2. As for all other events in the sample, their
direction and energy observables are reconstructed using the “max”
SplineMPE algorithm in Subsection 4.5.1 and the DNN energy esti-
mator in Subsection 4.6.2.


https://gcn.gsfc.nasa.gov/
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) M ethods to Search for Neutrino Point-

like Sources

Soon after its completion in 2011, IceCube fulfilled its primary scien-
tific mission of observing a diffuse flux of high-energy astrophysical
neutrinos.’ Since then, major efforts have been devoted to searching
for the sources of this flux. Over the years, the increased amount of
recorded data has improved the sensitivity of IceCube to astrophys-
ical signals from point sources, lowering the flux threshold for dis-
covery by over an order of magnitude, as shown in the right panel
of Figure 5.1. In a background-dominated experiment, the linear
growth of the number of signal events in time is penalized by back-
ground fluctuations, which are expected to grow proportionally to
the inverse of the square root of the exposure time. In a background-
free experiment, e.g., with perfect angular resolution or at high en-
ergies where the atmospheric background vanishes, the sensitivity
improvement is only limited by the linear signal growth. Hence, it
scales proportionally to the inverse of the exposure time.
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b Tyr (2017)
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Figure 5.1 shows the evolution over time of the 50 discovery
threshold of IceCube to an E~2 muon neutrino spectrum. Several
factors have contributed to improving the discovery potential be-
yond the extreme case of a background-free experiment, including

" IceCube Collaboration, “Evidence for High-
Energy Extraterrestrial Neutrinos at the
IceCube Detector”.

Figure 5.1: Improvement over the years of
the average v, flux that IceCube needs
for a 5 discovery (pre-trial) assuming E—2
neutrino emission. Left: Discovery po-
tential as a function of the source declina-
tion. Each color represents a different point-
source analysis. The lowest flux shown as
a thicker red line is produced in this work,
as described in more detail in this chapter.
Right: Discovery potential at 6 = 0° as
a function of increasing exposure time T.
Each dot represents a different analysis. The
dotted and dashed lines represent the evo-
lution of the discovery potential, assuming
it scales as /1/T and 1/T, respectively.
For clarity, the 9-year (2022) analysis is omit-
ted. This work extends the 9-year analysis
to 13 years of exposure while sharing the
same selection, reconstructions, and meth-
ods with it. See the text for more details
and the following hyperlinks for references:
0.75yr (2009), 3yr (2013), 4yr (2014), 7yr
(2017), 10yr (2020), 9yr (2022).


https://iopscience.iop.org/article/10.1088/0004-637X/701/1/L47
https://iopscience.iop.org/article/10.1088/0004-637X/779/2/132
https://iopscience.iop.org/article/10.1088/0004-637X/796/2/109
https://iopscience.iop.org/article/10.3847/1538-4357/835/2/151
https://iopscience.iop.org/article/10.3847/1538-4357/835/2/151
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.051103
https://www.science.org/doi/10.1126/science.abg3395
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2Braun et al., “Methods for point source
analysis in high energy neutrino telescopes”

3 See, for example, any of the references in
Figure 5.1, but also, e. g., Adridn-Martinez et
al., “First Search for Point Sources of High-
energy Cosmic Neutrinos with the ANTARES
Neutrino Telescope”.

4 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

5 Glauch, “The Origin of High-Energy Cos-
mic Particles: IceCube Neutrinos and the
Blazar Case”.

% The background of atmospheric muons is
suppressed through Earth absorption when
looking at up-going muon tracks only. See
Section 4.4.

7 agre and O are the source right ascension
and declination in equatorial coordinates, re-
spectively.

the completion of the 86-string detector, refinements in the event se-
lection and reconstruction procedures, and improved analysis meth-
ods.

In this chapter, we provide a review of the unbinned maximum
likelihood method? that is widely used in neutrino astronomy to
search for point-like neutrino emission3. The more accurate likeli-
hood modeling that was introduced in a previous work#> provides
a robust characterization of the source energy spectrum by ensur-
ing mostly unbiased fit parameters. Afterward, we discuss the per-
formance of the likelihood analysis on 13 years of up-going muon
tracks, the data sample introduced in Section 4.7, which includes one
year of data taken with the 79-string detector configuration (IC79)
and 12 years of data from the complete IceCube detector (IC86). The
last section outlines the procedure for producing a significance map
of neutrino emission in the Northern sky. The results of the point-
source analysis on 13 years of IceCube data described in this chapter
are discussed in Section 8.2.

5.1 Hypothesis test

Point-like sources are expected to produce clusters of astrophysical
events over the atmospheric and diffuse astrophysical backgrounds.
Hence, given the sample of the observed events, the point-source
analysis compares the likelihood of a background-only hypothesis
to the likelihood of a signal + background hypothesis and tries to
discriminate the two.

Given an hypothesis defined by a set of parameters 6, the un-
binned likelihood of the observed data x is

L(0]x) = [ Tf(xil0). (5-1)

f(x;|0) is the probability density function (PDF) of the i-th observa-
tion x; given the hypothesis. The product is taken over all observa-
tions x;.

The two alternative hypotheses we compare in the point-source
analysis are:

* Hy: 0 = 6, — The observed data solely consists of background
events induced by the atmospheric or the astrophysical diffuse
neutrino fluxes.® Throughout the thesis, we will refer to Hy as the
null or background-only hypothesis.

* Hy : 8 = 05 — The observed data consists of both background
and signal events, where the latter are induced by the interaction
of astrophysical neutrinos originating from a point-like neutrino
source, located at rsre = (&sre, dsrc)?. The source spectrum is de-
scribed by an unbroken power law ¢(E) = ¢o x E~7. We will refer
to Hj as the alternative or signal hypothesis.
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Assumptions about the source spectral shape are not necessarily lim-
ited to the unbroken power law. However, in Section 8.2, we will
discuss the results of point-source analyses based on the power-law
hypothesis. Hence, we limit the discussion to this spectrum here as
well.

The comparison between the two hypotheses is formalized as the
ratio of the respective likelihoods

sup geg, £(6]x)
= (5-2)
supgcg, L£(0]x)
where the supremum is taken over all parameters 6 describing each
hypothesis.

The background-only hypothesis fixes the atmospheric and astro-
physical diffuse event rates; hence, there are no free parameters in
0y,. Given a source located at s, the signal hypothesis is described
by the set of parameters are 85 = (&src, dsrc, Po, 7v), Where ¢y and 7y
are fitted to the data. The flux normalization ¢y is related to the ex-
pected number of signal events in the detector 15 over the exposure

time T via the event rate equation:®

ne =T /0 Ay Agit(Ev, bsxc) X o(Ev). (53)

Similarly, given a background flux, one can derive the expected num-
ber of background events in the detector ny,. Note that Equation 5.3
is the same as Equation 4.17, where the solid angle A() is a /-function
because of the point-like nature of the source. The likelihood func-
tion is commonly represented as a mixture model consisting of a
signal PDF f(x|6s) and a background PDF f(x|6}), each weighted
by the expected frequency of background and signal events.® The
total number of events in a sample is expected to follow a Poisson
distribution N ~ Poisson(ns + np). This term extends the likelihood
function to account for fluctuations in the number of events. There-
fore, the extended point-source likelihood reads

N
£(0fx) = Lt ot

xﬁ{ Ts £ (xi]05) + —® fb(xi|9b)}'

7 Uns+np ns + Ny,

(5-4)

For ng = 0, the signal hypothesis reduces to the background-only
one.’ Hence, the two hypotheses are nested, and Wilks’ theorem is
valid. According to Wilks’ theorem, for a large sample size N — oo,
the negative logarithm of the likelihood-ratio in Equation 5.2 assum-
ing the null-hypothesis to be true asymptotically approaches a x?-
distribution with number of degrees of freedom (14.¢) given by the
difference between the number of free parameters in H; and Hp'":

TS = —2log A — x3, (5-5)

where X% is the x?-distribution with ng.¢ = 2. Equation 5.5 gives the
expression for the test-statistic TS of the point-source analysis.

8 See Subsection 4.7.3.

9Braun et al., “Methods for point source
analysis in high energy neutrino telescopes”.

' Assuming 11, ~ N in the background-only
hypothesis.

" Wilks, “The Large-Sample Distribution of
the Likelihood Ratio for Testing Composite
Hypotheses”. See also Appendix C.6.
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12 See Section 4.4 and Section 4.7 for details
about the dataset.

Putting together Equation 5.5 and Equation 5.4, and recalling that
ns = 0 in the background-only hypothesis, we can rewrite the TS
expression as

N fis ( fs (xi|0s)
Ts—zzi:log{N <M—1>+1}, (5.6)
which depends on the ratio of the signal and background PDFs.
Here, 7is and 4 denote the optimized values of the two parameters,
which maximize the TS. Note that in Equation 5.6, we have also used
the fact that background events from the atmospheric flux dominate
our data sample. Hence, n, ~ N, and the ratio of the leading Poisson
terms in the two likelihoods is ~ 1.

We perform a two-dataset likelihood analysis by including IC79
and IC86 neutrino data. Although the data processing is the same
for both samples, the distribution of their observables is different.
This difference is primarily due to a mismatch in the reconstructed
muon energy caused by the five missing strings in the Inlce Array
of the IC79 detector configuration, as discussed in Subsection 4.7.2.
Therefore, the TS in Equation 5.6 needs to be evaluated separately
for each sample j, which has its own dataset-specific PDFs. The sum
of the single dataset contributions gives the total TS:

A ﬁ]s fg(xi‘BS) > }
TS =2Y"Y1 LTS 1) 41 .
i Og{N<fé(xi9b) o7

The expected total number of signal events 7 splits into a contribu-
tion from each dataset 72} based on the corresponding detector event
rate equation

T/ [y dEy ALy (Ev, 8sic) X ¢o(Ev)
YT [ dEy AL (Ev, bsre) % go(Ex) (58)
s X Kj(fssrc/ r)/)'

>
B

Il

=

s X

Il
=

Each ﬁ]S is a fraction Kj(ésrc, ) of the total number of expected signal
events in the sample, with Z]' K]-(Jsrc,'y) = 1. Therefore, the total TS
in Equation 5.7 remains a function of two parameters only: the total
number of signal events and the spectral index.

5.2 Signal and background PDFs

The two fundamental observables in searches for astrophysical neu-
trino sources are the events’ energy and direction. An estimate of
the directional reconstruction quality provides additional informa-
tion. These observables characterize each recorded event x;, and the
signal and background PDFs in Equation 5.4 describe their distribu-
tion under the signal and background-only hypothesis, respectively.

For each event in the up-going tracks sample used in this work,*?
the muon energy E,,, its direction r, = («,d,), and the uncertainty
on the reconstructed muon direction ¢, are estimated. o, (given
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by the BDT estimator described in Subsection 4.5.2) relates to the
total angular uncertainty o between the parent neutrino and the true
muon—which is used in the likelihood—once the energy-dependent
kinematic angle between the two is considered (see Equation 4.13):

U= \/ ‘Tﬁ,BDT +¢3 i kin’ (5.9)

The background-only hypothesis assumes an isotropic background
flux composed of atmospheric and astrophysical neutrinos. Once
these two background rates are determined by the choice of atmo-
spheric and astrophysical flux models, 6}, is fixed, and the back-
ground PDF does not depend on any free parameters. Moreover,
the background PDF is uniform in right ascension due to IceCube’s
location at the Geographic South Pole. Hence, it only depends on
the events declination and reads as follows:

fo (x186) = o fo (Ew,sindy, 16y (510)

Using the law of total probability, we can separate the term describ-
ing the angular uncertainty:

1 : 1 . .
5= fo (Ey,sinéy, olfp) = Efb (E,sinéyu(6y) - fo (0] Ep, sindy, By) .

27T
(5.11)

The signal PDF depends on the source hypothesis, including the
source location. The spectral index v is treated as a free parameter,
and the signal PDF conditionally depends on it. The flux normal-
ization, translated into the expected number of signal events in the
detector ng, enters the relative strength of signal and background
in Equation 5.4, and is not part of the definition of fs (x|6s), which

reads:
fS (st) = fS (Eu/rurg‘rsrc/ ')’)
1 (5.12)
= znsinwa(Ewl/Jr‘ﬂ‘Ssrc/Y)-

Events from a point-like source are expected to cluster around the
source location. Hence, in Equation 5.12, the relevant spatial ob-
servable is the angular distance between source and reconstruction
P = <U(Fsre, 'w) = <(rv,ry), which absorbs the dependence on the
source’s right ascension.”> A conditional dependence on the source
declination is left due to IceCube’s anisotropic acceptance as a func-
tion of the incoming neutrino energy and declination. The 1/ (27t sin )
factor ensures the normalization of f; on the sphere.

Similarly to the background PDEF, we can split the signal PDF into
spatial, energy, and angular uncertainty terms:

1
mfs (Epﬂpfawsro?) =
1
mfs ($|Ew,0,7) - fs (Epldste,¥) - fs (0| Ey, Osre, 7)

(5.13)

'3 In the last equivalence, we replaced the di-
rection of the source with the direction of the
neutrino it produces.
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Figure 5.2: Probability distribution of the an-
gular uncertainty between the neutrino and
the reconstructed track. As an example,
the distribution is shown at source decli-
nation dsrc ~ 0° and reconstructed en-
ergy E,, 2 TeV. Left: The angular uncer-
tainty term in the signal PDF for different
spectral indices, shown as different colors.
Right: Comparison between the angular
uncertainty term in the signal PDF, depend-
ing on the source declination dsc ~ 0°, and
in the background PDF, depending on the
reconstructed muon declination 6, ~ 0°.
Differences are minimal; hence, the approx-
imate equality of the two terms holds, and
they cancel out in the PDF ratio.

“Braun et al., “Methods for point source
analysis in high energy neutrino telescopes”.
'S Aartsen et al., “All-sky Search for Time-
integrated Neutrino Emission from Astro-
physical Sources with 7 yr of IceCube Data”.
'6 Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

The angular uncertainty PDF term depends only weakly on the
source spectral index <, as shown in the left panel of Figure 5.2. If
we neglect this dependence, the angular uncertainty PDF in Equa-
tion 5.13 only depends on the reconstructed track energy and source
location. The right panel of Figure 5.2 shows that the probability
distribution of the angular uncertainty changes minimally when the
source declination is replaced by the reconstructed muon declination.
These two considerations lead to the approximation

fs (0|Ew, Oste,v) ~ fp (0|Ey, sindy, 6y) . (5.14)

Hence, the signal and background contributions from the angular
uncertainty distributions cancel out in the TS in Equation 5.6. While
keeping all terms in the likelihood to ensure the most accurate de-
scription of the events would be preferable, this approximation re-
duces the likelihood’s dimensions.

¢ v=20 v =3.0 ¢ f(o|Eu,sindec)
y=25 ¢ Yy=35 f(o|By,sinéy)
100 -+ 0030 100 -+ e®ep
ag® e
L4 e L .
[ ] ® v .
¢ e ¢
= 1072 14 102 H
Q [ ] [ ]
& : 1
10-4 E, ~2TeV ol 107
6src ~ OOI + I 1
10~1 100 10~ 1 109
o [deg] o [deg]

As a result, we are left with a two-dimensional background PDF
in the reconstructed energy-declination parameter space

1 .
fb (x|6b) = Efb (EHISIn5H|6b)/ (515)
and a signal PDF that is split into a spatial (S) and energy (£) term

fs (x[0src,7) = S (Y|Ew, ,7) - € (Epldsre, ¥) - (5.16)

5.2.1  Analytical versus non-parametric description

In the assumption that events coming from a point-like source should
be distributed around the source location, a simple and reasonable
analytical approximation for the spatial part of the signal PDF is a
two-dimensional Gaussian distribution around the direction of the

sourcel4:15:16

_ 42

1 v
Tg2 e (5.17)

S (WlEw0,7) ~ S (plo) =
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However, this approximation neglects the dependence of & on the
spectral index oy and on the reconstructed energy E,."7 The limited
accuracy of the Gaussian approximation introduces biases in the fit
parameters i and 4.

In general, the optimized values that maximize the likelihood (7is
and 4 in our case) are known as maximum likelihood estimators (MLEs).
One property of MLEs is their consistency, meaning that they con-
verge to their true value as soon as the sample size tends to infinity.'®
Therefore, consistency is a desirable MLE property when one wants
to characterize the source spectrum based on the best-fit values of 7is
and 4. However, model misspecifications can produce biases in the
MLEs, caused by incorrect assumptions about the data distribution.

One way of improving the PDF modeling is by inferring the distri-
butions from Monte Carlo (MC) simulations using non-parametric,
numerical methods. Recent works' have introduced PDF inference
via kernel density estimation (KDE), a non-parametric technique used
to estimate the probability density function of a random variable.
KDEs do not rely on any assumption about data distribution, thus
allowing for more flexibility in the modeling. For each spectral in-
dex 7, a large set of MC events is weighted according to an E~7
neutrino energy spectrum. The conditional spatial and energy PDFs
in Equation 5.16 are then modeled through a KDE approximation
of the corresponding MC distributions, yielding multi-dimensional
KDEs for each spectral index <. In this work, KDEs for the signal
likelihood are constructed for 7y € [0.52, 4.52] in steps of 0.05. Penal-
ized B-splines° are used to store the multidimensional signal spatial
(S(7)) and energy (£(y)) PDFs, including the 7y dimension. The KDE
PDF construction is done separately for the IC79 and IC86 samples
for the reasons mentioned above*'.

Figure 5.3 shows the result of the signal spatial PDF modeling
with KDEs for the IC86 dataset. The PDF includes the conditional
dependence on the spectral index and the explicit conditional depen-
dence on the reconstructed muon energy. Compared to the Reyleigh
approximation,®* the KDE functions describe the expected spatial
distribution of signal events more accurately for both hard and soft
spectra. Especially at energies < 10 TeV, the KDE approximation
can reproduce the long tail of events reconstructed further from the
source location. Furthermore, thanks to the weighting of the PDF ac-
cording to the source spectrum, the PDFs can account for the differ-
ent probabilities of obtaining low-energy events, which are expected
to have lower reconstruction quality estimates 0y and, therefore, to
be reconstructed at larger angular distances. While hard spectra
and high-energy events are generally well described by the bivariate
Gaussian approximation, the characterization of the neutrino signal
from sources emitting soft energy spectra, with most of the events
reconstructed at TeV energies, largely benefits from the improved
modeling of the PDFs. As discussed in Chapter 3, the most signifi-
cant extragalactic neutrino source detected to date, NGC 1068, shows
a soft neutrino spectrum with spectral index v ~ 3.2.?3 Therefore, a

7 The angular uncertainty ¢ introduces a
partial dependence on the reconstructed en-
ergy through the inclusion of the kinematic
angle.

'8 Casella and Berger, “Statistical Inference”.

9 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

20 Whitehorn, van Santen, and Lafebre, “Pe-
nalized splines for smooth representation of
high-dimensional Monte Carlo datasets”

2 A full description of the KDE generation
pipeline using the Meerkat package (Poluek-
tov, “Kernel density estimation of a multidi-
mensional efficiency profile”) can be found
in chapter 7 of Glauch, “The Origin of High-
Energy Cosmic Particles: IceCube Neutri-
nos and the Blazar Case”.

2 The projection on the angular distance
of the two-dimensional Gaussian in Equa-
tion 5.17.

2 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.
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Figure 5.3: Spatial terms of the signal like-
lihood assuming v = 2.0 (top) and ¢y =
3.0 (bottom). The distribution of the an-
gular distance ¥ between the neutrino and
the reconstructed muon from MC simula-
tions of the 1C86 dataset (blue points) is
compared to the KDE-based PDF (solid blue
line) and the Rayleigh analytical approxi-
mation (dash-dotted grey line). The condi-
tional observables—reconstructed muon en-
ergy and reconstruction quality estimator—
are given in each panel. The same plot
for the 1C79 season can be found in Sec-
tion C.2.
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Figure 5.4: Distribution of reconstructed
muon energies. The experimental data are
shown as black dots with error bars corre-
sponding to the 68% statistical uncertainty.
The number of events per bin from the at-
mospheric and astrophysical diffuse flux ex-
pected from MC simulations is shown in light
and dark blue, respectively. The sum of
the two simulated background components
is shown as a grey line.

24 For example, towards the pole, where the
IceCube’s effective area to high energy neu-
trinos decreases due to Earth absorption
and (see Figure 4.17), or at high energy,
where the neutrino flux diminishes (see Fig-
ure 5.4).

robust inference of the spectral properties given the assumed spectral
shape is fundamental to reliably characterize the source spectrum. In
Subsection 5.3.1, we discuss the ability of the analysis to recover the
signal injection in terms of the number of signal events and spectral

index.
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The background PDF can, in principle, be modeled directly from
the distribution of experimental data in energy and declination. At
the end of the data selection process, atmospheric neutrinos dom-
inate the sample of up-going muon tracks at all declinations (see
Figure 4.8). The contribution of a single point source is negligible
when constructing the background PDF. However, statistical fluc-
tuations in the data distributions become relevant in some regions
of the parameter space*4. To address this inconvenience, the back-
ground PDF is also inferred from a large-scale sample of MC simula-
tions, which provides better parameter space coverage. Constructing
a reliable PDF based on MC requires excellent agreement between
the data distribution and the simulations in the energy-declination
space. At energies below a few tens of TeV, where the abundant
atmospheric background dominates, we match the event rate in sim-
ulations to that observed in the data, fixing the atmospheric flux
for the background-only hypothesis. In the energy range where the
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astrophysical diffuse flux becomes relevant (see Figure 5.4), we as-
sume an event rate based on the latest measurement based on muon
track, resulting in ¢!V = 144 x 10718 GeV! em2 57! sr!
and Yastro = 2.37.25 The excellent agreement in energy and dec-
lination separately has been demonstrated in Figure 4.14 and Fig-
ure 4.16 for IC86 and IC79 data, respectively. Figure 5.5 shows the
two-dimensional distribution of data and weighted MC simulations,
along with the ratio of the two. The agreement is almost perfect
where a large amount of data is available. At the same time, data
suffer from large statistical fluctuations at high energies, and the
MC distribution is less constrained. However, we demonstrate in
Appendix C.4 that the point-source analysis is insensitive to mis-
modeling of the astrophysical diffuse background component due
to its subdominant contribution compared to the atmospheric back-

ground.
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5.3 Analysis performance

The point-source analysis’s power to detect a signal and its accuracy
in characterizing the source energy spectrum are two fundamental
parameters that should be studied on MC simulations before analyz-
ing the experimental data. Due to the IceCube detector’s energy- and
declination-dependent effective area, the performance of the analy-
sis can vary based on the location and energy spectrum of a point
source. In this section, we report on studies of the analysis” perfor-
mance in the Northern sky assuming two benchmark spectral indices
for the power-law energy spectrum of the signal hypothesis: a hard
spectral index ¢ = 2.0 and a soft one v = 3.2, which represent two
extreme cases. In particular, v = 3.2 is the measured spectral in-
dex of the neutrino emission from NGC 1068,%° the most significant
source in the Northern sky, which will be tested again with more
data in this work.?”

2 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”

Figure 5.5: Two-dimensional density distri-
bution of the 1C86 data in energy and decli-
nation. Left: Distribution of the experimental
data. Center: Weighted distribution of MC
simulations. The MC distribution weights are
adjusted to match the experimental data be-
low a few tens of TeV, where the amount of
data constrains the event rates with statisti-
cal accuracy. The high-energy tail of the dis-
tribution is weighted according to the latest
IceCube’s measurement of the astrophysical
diffuse neutrino flux. See text for more de-
tails. Right: Agreement between data and
MC simulations showed as the data/MC ra-
tio. For the agreement in energy and decli-
nation separately, see Figure 4.14 and Fig-
ure 4.16 for the 1C86 and IC79 datasets, re-
spectively.

26 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

27 The results are presented in Section 8.2.
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Figure 5.6: Fitted versus injected signal for
a 9™ = 2.0 source spectrum and two ex-
emplary declinations, as indicated in each
figure. The left plot shows the recovery of
the mean number of signal events, while the
right plot illustrates how well we can recover
the injected spectral index. The solid line
represents the median fis and 4 at each ng .
The shaded bands show the 68% central
quantiles. The ideal unbiased recovery of
the parameters is shown as a dashed white
line.

5.3.1  Recovery of the injected signal

Maximum likelihood estimators are known for their consistency, mean-
ing that as the sample size increases, the estimated parameters tend
to converge to the true values, provided the likelihood function ac-
curately represents the underlying data. This property is crucial for
reliably determining the physical parameters of detected neutrino
sources. We test the consistency of the signal strength and spectral
index parameters on MC simulations for the exposure time of 13
years of data. We simulate point-source signals of various strengths

in]
Ng )

according to a power-law energy spectrum with spectral index
7M. The best-fit values from the likelihood maximization, i and 4,
are then compared to the injection. Figure 5.6 and Figure 5.7 show
the recovery of the injected source parameters for an injection with

v = 2.0 and y = 3.2, respectively, at two exemplary declinations.
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When a strong enough signal is injected, the source parameters
converge against the true values. The performance in terms of the
recovery of the injection is equally accurate across the entire North-
ern sky, with some biases remaining only close to the pole. Small
remaining biases are likely due to remaining imperfections in the
modeling, e. g., the missing angular uncertainty term in the likelihood
(see Section 5.1). However, the biases are smaller than the statistical
uncertainty in most of the Northern sky. The trend of the biases as
a function of the declination is illustrated in .Figure 5.8, where two
exemplary signal strengths 15’ = 13 and ng’ = 91 are injected for
v = 2.0 and 9 = 3.2, respectively.
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5.3.2  Sensitivity and discovery potential

The outcome of the point-source analysis is the maximized test-
statistic value in Equation 5.7 with the corresponding MLEs, s and
4. The compatibility between the experimentally observed TSex, and
the background-only hypothesis can be estimated by computing the
p-value

p=[_ F(TS|HYTS, (5.18)
TSexp

where f(TS|Hy) is the probability distribution of the test-statistic as-

suming the null hypothesis to be true. Thereby, the smaller the p-

value, the higher the confidence for rejecting the background-only

hypothesis. The TS distribution under the null hypothesis is ob-

tained from simulations by performing the likelihood-ratio test on

Figure 5.7: Fitted versus injected signal for
a v = 3.2 source spectrum and two ex-
emplary declinations, as indicated in each
figure. The left plot shows the recovery of
the mean number of signal events, while the
right plot illustrates how well we can recover
the injected spectral index. The solid line
represents the median 715 and 4 at each 1.
The shaded bands show the 68% central
quantiles. The ideal unbiased recovery of
the parameters is shown as a dashed white
line.

Figure 5.8: Recovery of the injected signal
strength and spectral index as a function of
the simulated source declination. The solid
line represents the median 715 and 4 at each
n;n]. The shaded bands show the 68% cen-
tral quantiles. The ideal unbiased recovery
of the parameters is shown as a horizontal
dashed white line.
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28 See Section 4.7 for a review of the dataset
properties.

2 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

pseudo-datasets generated according to the background-only hypoth-
esis without any point-like source signal. As an example, Figure 5.9
shows the background TS distributions at some declinations across
the sky.

Two standard figures of merit are used in IceCube to quantify the
analysis capability to identify a point-source signal:

* The sensitivity is the average point-source flux needed to exceed
the median value of the background test-statistic distribution in
90% of the cases. In other words, it quantifies the 9o% C.L. upper
limit on the neutrino flux the analysis can set when the observed
TS equals the background median.

¢ The 50 discovery potential defines the average point-source flux
needed to exceed the 50 quantile of the background test statis-
tic distribution in 50% of the cases. The p-value corresponding to
a 50 significance corresponds to >~ 2.9 x 1077,

The computation of the 5 ¢ discovery potential requires the knowl-
edge of the background TS down to its 50 quantile. According to
Wilks” theorem in Equation 5.5, the distributions in Figure 5.9 should
follow a )(2 with two degrees of freedom. However, the condition of a
large sample required by Wilks’ theorem is not always fulfilled in the
entire observable space, causing deviations from the expected shape.
For this reason, we parametrize the background TS distributions by
fitting a more flexible truncated I'-distribution to it:

£(TS) = T(TSlabn) = (£/Co)-T(TSla,b), 619
where 7 is the lower threshold for the integration of the distribution,
a and b are the shape and scale parameters of the I'-distribution, re-
spectively, ¢ is the fraction of pseudo experiments having a value
larger than 77, and Cy = | 1700 I'(TS|a, b) is a normalization constant. To
ensure that the fit of the tail is not affected by the distortion of the
distribution close to zero, we adopt the truncation threshold # = 3.0.
The fitted gamma functions are shown together with the TS distri-
butions in Figure 5.9.

Due to the IceCube detector’s energy- and declination-dependent
effective area (see Subsection 4.7.3), the sensitivity to an astrophysical
point-source signal varies depending on the signal hypothesis, i.e.,
depending on the assumed source declination and spectral index «.
In this work, we have extended the up-going muon tracks sample for
point-source searches from g to 13 years of data by including one year
of data recorded by the ICy9 detector and three new years of data
recorded by the IC86 complete detector.?® Thanks to the increased
exposure time compared to the previous work that used the same
data selection and analysis methods,* both the sensitivity and 50
discovery potential of the analysis improve by 20 — 25% depending
on the spectral index, as illustrated in Figure 5.10. The improvement
is larger for the hard spectral index case, for which the background
increase in time is slower than for soft spectra.
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The energy dependence of the analysis’ sensitivity and 5 ¢ discov-
ery potential can be understood by constructing the two quantities
in neutrino energy bins. This results in the so-called differential sen-
sitivity/discovery potential, which are shown in Figure 5.11 using two
bins per energy decade.

The effect of Earth absorption at high energies becomes evident
for declination 6 2 30°, where both the sensitivity and discovery
fluxes of the analysis increase rapidly, as seen in the top panels of
Figure 5.11. The lower panels show the same quantity expressed
in terms of the mean number of detected signal events in 13 years
of data. From this perspective, the difference across declinations is
less prominent. However, a much larger flux is needed to detect a
handful of signal events at high energies and declinations due to the

Figure 5.9: Distribution of 350,000 test-
statistic values obtained assuming the
background-only hypothesis to be true at
various declinations across the Northern sky.
The tail of the distribution at TS > 3 is fitted
with a truncated I'-distribution to extrapolate
the behavior at high TS values. The number
of trials returning TS = 0 is approximately
45%.

Figure 5.10: Sensitivity (dashed) and 50
discovery potential (solid) across the North-
ern hemisphere for point-source signals with
spectral indices v = 2.0 (left) and v = 3.2
(right). The same quantities are shown for
the 13 years of data used in this work (in
blue) and for 9 years of data analyzed by
previous work (in light blue) that used the
same analysis methods and sample (Abbasi
et al., “Evidence for neutrino emission from
the nearby active galaxy NGC 1068”). The
lower panel of each plot shows the relative
improvement of this analysis compared to
the previous one.
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30 Note that here we refer to a local signifi-
cance as we are not accounting for possible
penalty factors due to multiple testing. See
e.g., Section 5.4 for a discussion about frial
factors in the sky scan search.

Figure 5.11: Differential sensitivity and 50
discovery potential neutrino fluxes (top) and
mean number of signal events in 13 years of
data (bottom) as a function of the neutrino
energy. Three different declinations are dis-
played in different colors. In each bin, we
assume a power-law energy spectrum with
spectral index v = 2.0.

3! Abbasi et al., “In situ estimation of ice crys-
tal properties at the South Pole using LED
calibration data from the IceCube Neutrino
Observatory”.

32 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

3 Glauch, “The Origin of High-Energy Cos-
mic Particles: IceCube Neutrinos and the
Blazar Case”.

34 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”.

reduced detection efficiency. From the lower panels of Figure 5.11,
we also notice that, for sources emitting mainly in the TeV energy
region (soft spectra), we need to detect approximately 100 events for
a 50 discovery.3° On the other hand, for sources emitting > 100 TeV
neutrinos, detecting only ~ 10 signal events results in the same sig-
nificance due to the reduced background rate at high energies.
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Systematic uncertainties

In Subsection 4.3.1, we mentioned that the knowledge of the Antarc-
tic ice properties is crucial to characterize the Cherenkov photon
propagation through the detector. While enormous efforts are con-
stantly devoted to improving our understanding of the ice,3" uncer-
tainties in its modeling produce systematic uncertainties in the anal-
ysis. However, previous works have demonstrated that the impact
of these uncertainties on the angular resolution and significance of a
point-source signal is negligible compared to the dominant statistical
uncertainty32.33

Additionally, we checked the robustness of our analysis against
potential mismodeling of the astrophysical diffuse background com-
ponent, which is part of the background-only hypothesis in the point-
source analysis. As discussed in Section 5.1, while the observed event
rate determines the atmospheric background, the expected rate of
diffuse astrophysical neutrinos is based on the latest IceCube mea-
surement.3* We assessed the effect of background mismodeling by
studying the uncertainty’s impact on the tails of the background TS
distribution. Background TS distributions simulated using different
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diffuse neutrino flux spectra, varied within the published uncertain-
ties, are detailed in Appendix C.4. The analysis response shows no
significant change. Thus, we could conclude that the uncertainty of
the diffuse flux measurement has a negligible effect on the analysis.

Finally, we checked the impact of an unmodeled background con-
tribution from Galactic Plane (GP) neutrinos. This additional check is
motivated by the 4.5 ¢ evidence for neutrino emission from the GP re-
cently reported by IceCube.35> The measured GP neutrinos contribute
significantly to the total astrophysical flux at energies < 10 TeV (see
Figure 2.6). However, this background is anisotropic, aligning with
the GP spatial profile. An unmodeled background could lead to
overestimating a signal’s significance for sources aligned with the
GP. We evaluated the impact of this possible systematic mismodel-
ing on the analysis’ discovery potential. The effect is marginal across
the whole hemisphere, with the largest decrease in discovery poten-
tial being < 5% for sources with soft spectra (v 2 3.0) located where
the GP model adopted for the study3® predicts the maximal neutrino
emission in the Northern sky, i.e., at the closest point to the Galactic
Center.37 The full study of the systematic uncertainty due to an un-
modeled GP background component is reported in Appendix C.4.1.

5.4  Significance map of the Northern sky

The search for the most significant clustering of astrophysical events
in the sky, known as the sky scan, does not rely on any assumptions
about the location of potential neutrino sources. The sky is divided
into a grid of equally sized pixels using HealPix,3® with each pixel’s
center tested as a source position. The TS in Equation 5.7 is maxi-
mized at each pixel, yielding best-fit values is and 4. Although the
data selection includes events with reconstructed declinations rang-
ing from -5° to 9o°, we scan the Northern sky within a declination
range —3° < 6 < 81°. The band from —5° to —3° is excluded be-
cause the KDE used to parametrize the signal spatial PDF (S() in
Figure 5.3) cannot be symmetric when the source is located close to
the boundary. The pole area is also excluded due to the reduced per-
formance of the angular reconstruction for low-energy, nearly verti-
cal events, for which only optical modules from a few detector lines
are involved in the detection (see Section 4.3). The analysis aims to
identify the most significant spot in the sky (also known as the hottest
spot). However, this does not necessarily correspond to the highest
TS due to the declination dependence of TS values. The declination
dependence can be absorbed by converting all observed TS values
into p-values (Equation 5.18). By interpolating the parameters of the
I'-distribution fitted at ~ 350 declinations across the hemisphere, we
can calculate the p-value for any TS observed at any declination.
The splines to interpolate the I'-distribution parameters across the
sky can be found in Section C.3.

A first, coarser scan is conducted on a grid of ~ 400,000 pixels,
each with an area of about 0.2 x 0.2 square degrees.?9 From the

% lcecube Collaboration, “Observation of
high-energy neutrinos from the Galactic
plane”.

% Schwefer, Mertsch, and Wiebusch, “Dif-
fuse Emission of Galactic High-energy Neu-
trinos from a Global Fit of Cosmic Rays”.

%7 The Galactic Center is located at 266.4°
right ascension and -29.0° declination.

38 Gorski et al., “HEALPix: A Framework
for High-Resolution Discretization and Fast
Analysis of Data Distributed on the Sphere”.

3 HealPix Nside parameter 256.
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40 The spots with the lowest local p-values.
See Section 7.1 for the definition of a hotspot
used in this work.

“! HealPix Nside parameter 2048.

“2The entire procedure of coarse and sub-
sequent finer scans is repeated.

“Naab et al., “Measurement of the astro-
physical diffuse neutrino flux in a combined
fit of lceCube’s high energy neutrino data”.

coarse scan, we identify the 20 most significant spots.#° A finer scan
is then performed within a 0.75° radius around these spots, using
pixels of approximately 0.03 x 0.03 square degrees.4’ The second
scan, which is finer than the minimum angular uncertainty on the
single event (0.1°), ensures the accurate localization of the hottest
spot within the angular resolution of the data sample.

When performing a sky scan, we assume a point-like neutrino
source and perform a maximum likelihood-ratio analysis at each
pixel location. Therefore, we must account for the multiple po-
tential sources tested in a single scan. Since not all pixels in the
skymap grid are statistically independent, the actual number of in-
dependently tested point-like sources, N, is usually smaller. Thus,
we estimate the trial factor N directly from simulations. A distribu-
tion of hottest spot p-values is constructed from MC simulations of
sky scans generated under the background-only hypothesis.#* The
fraction of background-only p-values smaller than the observed one
provides the corrected post-trial p-value, ppost, which represents the
global significance of the hottest spot.

In this thesis, we present results from three sky scans: one with
spectral index left as a free parameter and two assuming fixed spec-
tra indices of 2.0 and 2.5. Predicted cosmic-ray spectra in the shock
acceleration scenario (see Section 2.3) motivate the choice of v = 2.0.
The spectral index v = 2.5 corresponds to the latest measurements
of the astrophysical diffuse neutrino flux.43 Exemplary background
TS distributions for the fixed spectral index cases and the interpola-
tion splines of the I'-distribution parameters across the hemisphere
are provided in Appendix C.3.
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B Point-source Searches with IceCube

Public Data

In 2020, the IceCube Collaboration published the results of an all-sky
time-integrated search for neutrino point sources. The search was
based on a selection of ten years of track-like events produced by
muons created in muon-neutrino interactions in the ice." The result
revealed a first hint of neutrino emission from NGC 1068, at 2.9 0.2 In
January 2021, IceCube released these data to the public.3 Hereafter,
we will refer to the IceCube publication as Aartsen et al. PRL 124,
2020.

This chapter introduces a novel open-source software interface
that enables users to search for neutrino sources using IceCube pub-
lic data. We discuss the data release and its limitations and explain
how it can be used to search for point-like astrophysical neutrino
emission. We implement the likelihood-ratio test for point-source
searches described in Section 5.1. We follow the implementation
used in Aartsen et al. PRL 124, 2020 and approximate the spatial
distribution of signal events with a bivariate Gaussian centered at
the source location.# To validate our implementation, we investigate
the performance of the analysis and compare it with published re-
sults. Besides time-integrated searches, the new analysis tool allows
the search for neutrino transient emission in public data using an un-
supervised learning algorithm. We analyze the neutrino flare from
the blazar TXS 0506+056> and compare the result to that published
by IceCube.®

This work was presented at the 38th International Cosmic Ray
Conference” on behalf of the IceCube Collaboration and published
as a proceeding.® The author of this dissertation is the primary de-
veloper of the software interface described here, together with the
co-authors of the published proceedings.

6.1 The SkyLLH analysis framework

Searching for the sources of high-energy cosmic particles requires so-
phisticated analysis techniques, frequently involving hypothesis tests
with unbinned log-likelihood functions, as we discussed in Chap-
ter 5. SkyLLH®'© is an open-source, Python-based software tool
designed to build these likelihood functions for celestial event data
and perform likelihood-ratio tests. Developed within the IceCube

" Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

2 |bid.

3lceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

“ Note that this approach does not involve
the non-parametric inference of the probabil-
ity density functions through kernel density
estimation that has been described in Sec-
tion 5.1.

5]ceCube Collaboration et al., “Neutrino
emission from the direction of the blazar TXS
0506+056 prior to the IceCube-170922A
alert”.

5lceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

7 https://www.icrc2023.org/

8 Bellenghi, M. Karl, and Wolf, “Extending
SkyLLH software for neutrino point source
analyses with 10 years of IceCube public
data”.

?Wolf, “SkyLLH - A generalized Python-
based tool for log-likelihood analyses in
multi-messenger astronomy”.

1 Kontrimas and Wolf, “The SkyLLH frame-
work for IceCube point-source search”.
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! Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

2 For instance, the Dataset class allows
users to define a dataset with observed data
and simulations stored on disc and to load
them into memory.

8 See Subsection 5.3.2 for a definition of
sensitivity flux in the point-source analysis.
'* https://icecube.github.io/skylln/master/nt
ml/tutorials/publicdata_ps.html

'S Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

'® Abbasi et al., “Search for Multi-flare Neu-
trino Emissions in 10 yr of IceCube Data
from a Catalog of Sources”.

7 |lceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

'8 Different selection, software, and detec-
tor calibration procedure were used for each
season until they were standardized for the
1C86 detector from 2012 on.

collaboration, it supports statistical data analyses for point-like neu-
trino source searches. Remarkably, SkyLLH has been used for the
search that resulted in a 4.2 0 evidence for neutrino emission from
the Seyfert II galaxy NGC 1068.' Moreover, the point-source analy-
sis detailed in Chapter 5, with results presented in Section 8.2, is also
implemented using SkyLLH.

The SkyLLH software framework is designed to follow the mathe-
matical structure of the log-likelihood ratio formalism in Equation 5.7.
Hence, base Python classes define interfaces for probability den-
sity functions (PDFs), signal-over-background (S/B) PDF ratios, log-
likelihood ratios, and test-statistic functions. The Analysis class inte-
grates all components of a point-source analysis into a single object.
In addition to classes and functions for evaluating the log-likelihood
function, SkyLLH provides utility classes for data handling."> Once
the Analysis object is constructed, the user can choose to analyze the
experimental data via the unblind method or to generate a pseudo-
experiment with background and signal events via the do_trial
method of the Analysis class. SkyLLH’s documentation provides
a tutorial that guides the user through the main analysis steps. It
gives examples for loading the public data, creating the Analysis
object for a single point source assuming a power-law energy spec-
trum, generating pseudo-experiments for sensitivity and significance
calculations.” Following the tutorial, the user can reproduce the re-
sults published in Aartsen et al. PRL 124, 2020." SkyLLH’s design
supports combined data analysis of multiple datasets or detectors
by taking the product of all datasets’ likelihood functions. Therefore,
the public data could be combined with data from other experiments.

6.2 The public release of ten years of neutrino data

In the past, IceCube performed all-sky searches for steady and flaring
neutrino point-like sources using ten years of point-source data.5:10
This selection of 1,134,450 events detected from the entire sky was
made public in 2021."7 Although selected as candidate neutrino events,
the data sample is dominated by cosmic-ray-induced atmospheric
muons in the Southern sky. Harsh cuts to reduce this contamina-
tion effectively reduce the selection to only very high energy events,
from tens of TeV up. Atmospheric muons are instead absorbed in the
Northern hemisphere when crossing the Earth. Therefore, detected
events from the Northern sky are primarily produced in neutrino
interactions, and events with sub-TeV energies survive the selection.
The data spans the time range from April 2008 to July 2018, cov-
ering five different data acquisition periods (seasons) corresponding
to different detector configurations: 1C40 (2008), IC59 (2009), IC79
(2010), IC86 2011, and IC86 2012—201718, where the last two digits
indicate the number of detector strings deployed in the ice at the
time of the data acquisition (see Section 4.3). The release encom-
passes events recorded with their reconstructed muon observables
x = (Eu, 1y, 0,t,): the energy E,,, the direction in right ascension «


https://icecube.github.io/skyllh/master/html/tutorials/publicdata_ps.html
https://icecube.github.io/skyllh/master/html/tutorials/publicdata_ps.html
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and declination ¢, r,, = (&, ,.), the uncertainty on the reconstructed
muon direction ¢, as well as the observation time ¢,,. Similarly to
the sample of up-going muon tracks used for the point-source anal-
ysis in Chapter 5, the SplineMPE algorithm is used to reconstruct
the muon direction. However, the energy and angular uncertainty
observables are inferred using the Truncated Energy and Paraboloid al-
gorithms instead of the more advanced machine-learning-based re-
constructions, which are currently optimized for the Northern sky
only.’® The angular uncertainty ¢ published in the release already
includes a correction to account for the kinematic angle between the
parent neutrino and the reconstructed muon, relevant at neutrino
energies < 1 TeV (see Equation 4.13). The kinematic angle correc-
tion is included in the so-called pull correction, which IceCube ap-
plies to the Paraboloid estimate, 0,. We define the pull as the an-
gular distance between the parent neutrino and the reconstructed
muon direction divided by the angular uncertainty, Ay /c. Under
the assumption that a 2D Gaussian distribution describes the pull
for a given neutrino energy, 50% of events with angular uncertainty
estimate ¢ should fall within 1.177 x ¢ from the parent neutrino di-
rection, as seen in Figure 6.1. Therefore, if 0, provides the rigth cov-
erage, Ap/op, = 1.177. However, the left panel of Figure 6.2 shows
that 0, does not satisfy this condition. The pull correction shifts the
pull to the expected value of 1.177. It is calculated as a function of
the reconstructed muon energy on Monte Carlo (MC) simulations,
assuming an E~2 neutrino energy spectrum. The data release al-
ready provides pull-corrected angular uncertainty values, which can
directly be used to construct the point-source spatial PDFE.

1C86-11-Upgoing Original Pull

Median Pull 03
EES |

1C86-11-Upgoing Calibrated Pull

Median Corrected Pull

Pull [AW/0]
Pull [dW/o] calibrated

20 25 3.0 35 40 45 50 55 6.0
log10(Erecol GeV])

20 25 3.0 35 40 45 50 55 6.0
10g10(Erecol GeV])

In addition, the release provides tabulated instrument response
functions (IRFs), which include binned muon-neutrino effective ar-
eas, Aett(Ev,dv), and binned reconstruction probabilities in the form
M(E,, ¢,0|0y,Ey). Thus, for a given parent neutrino with declina-
tion Jy and energy E., the three-dimensional matrix M contains the
probability of reconstructing the secondary muon with E,,, ¢, and
an angular separation ¢ between the parent neutrino and the muon.
From here on, M will be referred to as the detector response ma-
trix.2° It should be noted that the detector response matrix provides
only three bins for the incoming neutrino declination, covering the

" See Section 4.5 and Section 4.6 for a
review of the various reconstruction algo-
rithms.

68% Containment]

r=1.0000 - * ° r=1.177¢
2|39% containment. i 50% c

- {68% Containment]

Figure 6.1: Distribution of events sampled
from a symmetric 2D Gaussian around a
central source position for a certain angu-
lar error estimate ¢. Note that ¢ is the
standard deviation of each one-dimensional
Gaussian, providing the corresponding 68%
coverage in 1D. Figure taken from https:
//docs.icecube.aq/icetray/main/projects/
paraboloid/index.html.

Figure 6.2: Correction applied to the pull
(see details in the text) as a function of the
reconstructed muon energy. The pull correc-
tion is calculated for neutrino energies dis-
tributed according to an E~2 energy spec-
trum. The heatmap illustrates the probabil-
ity density function normalized in each en-
ergy bin. The white dots represent the cor-
responding medians. The solid black line
marks the expectation for the correct 50%
coverage in 2D. The left and right panels
show the distribution before and after the
correction.  Figure reprinted from Carver,
“Time integrated searches for astrophysical
neutrino sources using the IceCube detector
and gender in physics studies for the Genera
Project”.

20 |t is denoted as the smearing matrix in the
data release.


https://docs.icecube.aq/icetray/main/projects/paraboloid/index.html
https://docs.icecube.aq/icetray/main/projects/paraboloid/index.html
https://docs.icecube.aq/icetray/main/projects/paraboloid/index.html
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Southern sky (—90° < ¢, < —10°), the horizon (—10° < ¢, < 10°),
and the Northern sky (10° < J§, < 90°). As we will see in Section 6.5,
this summarized information causes some loss in the analysis’ sen-
sitivity compared to the published performance of the same dataset.
Nevertheless, through the published IRFs, it is possible to construct
the PDFs that form the basis of the point-source likelihood defined
in Equation 5.4.

6.3 A Point-source analysis with public data

In Section 5.1, we introduced the concept of hypothesis testing via
likelihood-ratio tests for point-source searches. Here, we want to
perform the same hypothesis test using public data: We use the
likelihood-ratio test to evaluate which one between the background-
only and the background+signal hypotheses is favored given the
observed data. The background-only hypothesis assumes that all
observed events are produced in atmospheric interactions of cosmic
rays or by a diffuse astrophysical neutrino flux. The alternative hy-
pothesis assumes that the data can be explained by the combination
of diffuse isotropic backgrounds and an additional flux component
produced by a point source located at right ascension &, and dec-
lination Jsrc. In the following, we assume a power-law point-source
flux characterized by a spectral index -y, which is the flux model used
by Aartsen et al. PRL 124, 2020. However, the possibility of testing
arbitrary flux shapes with the public data is currently being imple-
mented within SkyLLH.

In Section 5.1, we described the general form of the point-source
likelihood and the joint background+signal PDF that describes the
events’ distributions. The final expressions for the background and
signal PDFs are given by Equation 5.15 and Equation 5.16. This work
follows the implementation used to produce the results published in
Aartsen et al. PRL 124, 2020. For each data sample, the background
PDF is modeled directly on the distribution of the experimental data
in E;, and sind, under the assumption that experimental data are
background-dominated and that the background flux is uniformly
distributed in space. This is a safe assumption since ~99% of the dif-
fuse astrophysical neutrino flux is currently unresolved. The signal
PDF for the event x can be split into the product of a spatial and an
energy term, which we re-write here for clarity:

fS (x|5srC/7) =S8 (IP‘ELUJ/'Y) x4 (Eu‘ésro'}’) (6.1)

The spatial part is modeled using the analytical approximation of a
bivariate Gaussian distribution. As discussed in Chapter 5, this ap-
proximation does not always accurately describe the point spread
function of the detector, especially for soft spectra or low-energy
events. Consequently, it produces biases in the fit parameters, as we
will see in Section 6.4. However, this does not impact the robustness
of experimental p-values.
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The signal energy PDF can be constructed from the detector re-
sponse matrix M and formulated as an integral over all neutrino
energies:

5(Ep‘5sro 'Y) = g(EuM\u Y)

*Emax
= /E . dEv f(Eu|Ev,dv) - Waux(Ev[7) - waet (Ev[dv).
(6.2)
The integrand is the product of three factors:

e f(Ey|Ev,dv) is the probability density of the reconstructed energy
given the parent neutrino energy and declination. It is calculated
from the detector response matrix M.

* waux (Ev|7) is a flux weight, which accounts for the probability of a
neutrino energy given a power-law spectrum with spectral index
Y.

* wget(Ev|dv) is a detection weight, which accounts for the probabil-

ity of detecting a neutrino with energy given its declination. It is
calculated from the tabulated effective areas, Aqg(Ev, Jv ).

The integration limits Epj, and Enax are set to cover a neutrino en-
ergy range of 102 — 10° GeV, as provided in the IRFs.

Aartsen et al. 2020
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Only the mathematical representation of the signal energy PDF
differs from the internal IceCube analysis used in Aartsen et al. PRL
124, 2020. Internally, it is constructed as £(E,|dy,y) using the ap-
proximation Js,c =~ 6y, which is valid in the assumption that the
muon is reconstructed close to parent neutrino/source direction. This
approximation is introduced to have signal and background energy
PDFs with the same structure, which simplifies the S/B ratio in the
test-statistic (TS, see Equation 5.6). The modification introduced in
the public data analysis (Equation 6.2) is necessary to cope with the
absence of the reconstructed muon declination é,, in the detector re-
sponse matrix. In fact, M provides the binned angular separation
of the reconstructed muon from the original neutrino but not the
individual reconstructed muon coordinates.

Figure 6.3: Comparison of the signal energy
PDFs for the season IC86 2012-2017 and
spectral index v = 3.2. Left: The PDF as
used in Aartsen et al. PRL 124, 2020 (Aart-
sen et al. 2020 in the legend). The color
scale represents the probability density. The
black lines delimit §, = (—0.01 £ 3.00)°.
Right: 1D comparison between the inter-
nal IceCube PDF (green) at reconstructed

muon declination 6, = —0.01° and the
one used in the public data analysis (black)
at source declination dg;c = —0.01°. The

shaded green band represents the variations
of the internal energy PDF when consider-
ing events reconstructed at declinations en-
closed by the dotted black lines in the left-
hand plot. The energies of the experimental
data fall in the gray shaded area, with the
central 99% quantile indicated by the darker
grey area. The lower panel shows the ratio
between the public PDF and the internal one
for all events reconstructed within 3° from
the source.
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Figure 6.4: Fitted versus injected signal for a
¢™ = 2.0 source spectrum and three ex-
emplary declinations, as indicated in each
figure. The left plot shows the recovery of
the mean number of signal events, while the
right plot illustrates how well we can recover
the injected spectral index. The solid lines
represent the median 715 and § at each ngy.
The shaded bands show the 68% central
quantiles. The ideal unbiased recovery of
the parameters is shown as a dashed grey
line.

The difference between the internal and public energy PDFs is il-
lustrated in Figure 6.3 for the dataset IC86 2012—2017, for a source at
the location of NGC 1068 (6 = —0.01°) and with its best-fit spectral
index v = 3.2, as measured in Aartsen et al. PRL 124, 2020.

6.4 Recovery of the fit paramenters

The modeling of the signal spatial PDF with a bivariate Gaussian
provides a good description of the data in many cases. However,
inaccuracies in the PDF description of data can cause biases in the
fit parameters of the likelihood, namely the number of signal events
in the detector ng and the spectral index y. Here, we study the ca-
pability of the public data analysis to recover an injected power-law
energy spectrum. The procedure is similar to the one described in
Subsection 5.3.1: point-source signals of various strengths ng" are in-
jected according to a power-law energy spectrum with spectral index
7%, The best-fit values resulting from the maximization of the TS in
Equation 5.7, iy and 4, are then compared to the injection. Figure 6.4
and Figure 6.5 show the recovery of the injection at three exemplary
source declinations and assuming hard and soft spectral emission.
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The mismodeling of the Gaussian PDF is especially severe for soft
spectral indices, as seen in Figure 6.5. In these cases, the tails of
the spectral index-independent Gaussian cannot reproduce the tail
of events reconstructed at larger distances from the source (see Fig-
ure 5.3). Consequently, those events are ignored by the spatial likeli-
hood, and the total number of signal events is underestimated. How-
ever, signals from hard power-law spectra are more accurately recov-
ered, with biases smaller than the statistical uncertainty (shown by
the shaded bands in Figure 6.4 and Figure 6.5). Overall, the ob-
served parameter biases are consistent with what has been observed
by IceCube when using the same Gaussian spatial approximation.**
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6.5 Sensitivity to an astrophysical signal

To test how accurately the analysis published in Aartsen et al. PRL
124, 2020 can be replicated using the public data release and the
software developed in this work, we compare their respective sen-
sitivities to an E~2 flux of astrophysical neutrinos produced by a
point-like source. The result of this comparison is illustrated in the
left panel of Figure 6.6, where the sensitivity flux is shown as a func-
tion of the declination for the public data (black dashed) and the
internal IceCube analysis (green).

2! See the supplementary material of Abbasi
et al., “Evidence for neutrino emission from

the nearby active galaxy NGC 1068”
Figure 6.5: Fitted versus injected signal for a

4™ = 2.0 source spectrum and three ex-
emplary declinations, as indicated in each
figure. The left plot shows the recovery of
the mean number of signal events, while the
right plot illustrates how well we can recover
the injected spectral index. The solid line
represents the median 7ig and 4 at each ngy.
The shaded bands show the 68% central
quantiles. The ideal unbiased recovery of
the parameters is shown as a dashed grey
line.
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Figure 6.6: Left: Comparison of sensitiv-
ity to an astrophysical neutrino flux as a
function of the position in the sky assum-
ing an E~2 neutrino spectrum. The sensi-
tivity published in Aartsen et al. PRL 124,
2020 (green solid line) and the public data
(PD) analysis presented in this work (dashed
black line). Right: Shift of local significance
in Gaussian-equivalent standard deviations
as a function of the declination compared to
the published results. The dots represent the
objects in the list of candidate sources ana-
lyzed by IceCube and the two most signifi-
cant locations in the northern and southern
sky. The color scale, as well as the size of
the dots, represent the published local signif-
icance. The green point with the largest shift
to lower significances (at the very bottom of
the panel) corresponds to TXS 0506-+056.

2 Wilks, “The Large-Sample Distribution of
the Likelihood Ratio for Testing Composite
Hypotheses”
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Figure 6.7: Likelihood profile of the flux
parameters—¢ey and y—of NGC 1068.
The cross marks the best-fit values, while
the solid and dashed lines indicate the 68%
and 95% confidence level contours accord-
ing to Wilks’ theorem. IceCube results pub-
lished in Aartsen et al. PRL 124, 2020 are
reported in green, while the analysis of the
public data is shown in black. The two re-
sults show good agreement.
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The right panel of Figure 6.6 displays the local significance dif-
ference in Gaussian-equivalent standard deviations at the location of
the source candidates analyzed in Aartsen et al. PRL 124, 2020. For
most tested sources, the significance is weaker when using the pub-
lic data (PD), but it is reproduced within ~o0.5 Gaussian-equivalent
standard deviations. Overall, the public data analysis is slightly less
sensitive due to the coarse binning of the detector response matrix,
which contains only three bins for the parent neutrino direction.

As a final reproducibility check, we measured the muon-neutrino
flux ¢(Ev) = ¢11ev (Ev/1TeV) ™7 from NGC 1068 with the public
data analysis presented in this work and find the best-fit values for
the flux parameters to be 7is = 60 £ 15, and § = 3.2J_r8:3. The statisti-
cal uncertainties are estimated from the 1D profile likelihood assum-
ing Wilks” theorem.?*> The observed mean number of signal events
fis can be converted into a neutrino flux normalization by integrating
the effective area at the source location multiplied by the power-law
energy flux over the neutrino energy range and the observation pe-
riod. This yields ¢11ey = 3.3 x 1071 TeVv-1em =251, All these val-
ues are compatible with the ones published by IceCube, which are
fis = 50, ¥ = 3.2 and ¢y ~ 3 X 1071 TeV-1em 2571 (as inferred
from Figure 4 of Aartsen et al. PRL 124, 2020). The likelihood scan
around the best-fit flux parameters with the 10 and 2 ¢ confidence
levels derived from Wilks’ theorem is illustrated in Figure 6.7. The
comparison with the published likelihood contours shows that the
two results largely overlap.

6.6 Time-dependent neutrino emission profiles

So far, all the comparisons we showed assumed steady neutrino
emission as done in Aartsen et al. PRL 124, 2020. However, within the
SkyLLH software interface, searching the public data for transient
neutrino emission from point-like sources is also possible. Besides
classes for spatial and energy PDFs, SkyLLH also provides classes
that implement time PDFs. Hence, the signal PDF in Equation 6.1
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can be modified to include a time PDF, 7:

fs (X[0stc,v) = S (Y|Eyw, 0,7) - € (Epldsre, ¥) - T (tulto, o). (6.3)

The current software version includes a box-shaped time PDF (as-
suming constant emission between a starting and end time) and a
Gaussian-shaped time PDF centered at fy with width or. Using the
box-shaped time profile with start and stop times, respectively, of
tstart = 56927.86 (MJD) and tstop = 57116.76 (MJD) we can reproduce
the fit of the neutrino flare from TXS o5064-056 that was published
together with the data release.?3> We find best-fit parameters for the
flare of the blazar TXS o506+056 are 7is = 11.7 and § = 2.2, which
agree with the published values, namely 71 = 11.9 and § = 2.2.

In neutrino astronomy, we commonly want to search for flares that
happened at an unknown time in IceCube’s history. For this pur-
pose, SkyLLH supports the fitting of the parameters of a Gaussian-
shaped time PDF (i.e., tp and or) using the unsupervised learning
algorithm “Expectation Maximization (EM)”.*>4 The EM fitting algo-
rithm is applied to the time sequence of the events, where each event
is weighted with its signal-over-background PDF ratio of the spatial
and energy PDFs, as in Equation 5.6. We create the time PDF with
the best-fit time parameters and subsequently optimize the likeli-
hood function with the signal PDF in Equation 6.3. Since the PDF
ratio values depend on 7, we repeat these steps for several y values
ranging from 1 to 5 and take the maximal TS from all EM fits as the
final TS value.

The EM method has been used with IceCube internal data by a
previous work,?> which showed that the published best-fit flare pa-
rameters and p-value for TXS 05064056 could be reproduced.26:27-28
We do the same test on the public data samples using the EM algo-
rithm. We find that the best-fit parameters for the time-dependent
neutrino fluence from TXS 05064056 are 71 = 7.6 and § = 2.2,
centered at fy = 56972.6 (MJD) with o7 = 27.9 days. In a pub-
lished IceCube work that used the same data,?d the flare parameters
were fg = 57000 30 (MJD), o1 = 62 & 27 days, fis = 10732, and
4 = 2.2+ 0.3. However, it should be noted that the flare fitting algo-
rithm and the signal energy PDF (see Section 6.3) and, therefore, the
signal-over-background PDF-ratio weights are not directly compara-
ble in the two cases. We estimate the significance of the observed
flare and find a p-value of ~5.8%, which is larger than the published
~3 0 significance.3° However, as discussed in Section 6.5, a reduced
p-value compared to previous works is expected at the location of
TXS 0506+-056.

Despite the reduced significance, all flare properties are recovered
within the uncertainties except for the flare width, which is smaller
when using the EM method in the public data framework. This
demonstrates the feasibility of neutrino flare searches with SkyLLH
using ten years of public IceCube data.

2 ceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

2 Dempster et al., “Maximum Likelihood
from Incomplete Data via the EM Algorithm”.

% M. S. Karl, “Unraveling the origin of high-
energy neutrino sources: follow-up searches
of IlceCube alert events”.

% JceCube Collaboration et al., “Neutrino
emission from the direction of the blazar TXS
0506+056 prior to the IceCube-170922A
alert”.

27 |ceCube Collaboration, “lceCube Data
for Neutrino Point-Source Searches Years
2008-2018".

28 Abbasi et al., “Search for Multi-flare Neu-
trino Emissions in 10 yr of IceCube Data
from a Catalog of Sources”.

2 |bid.

30 Here we refer to the local p-value, with no
corrections for multiple testing.
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Figure 6.8: Time-independent weight of indi-
vidual events during the 2014-2015 neutrino
flare from the blazar TXS 05064-056. The
weights are estimated in the SkyLLH frame-
work for public data analyses. Each verti-
cal line represents an event observed at the
time indicated in Modified Julian Date format
(MJD). The height of each line indicates the
event weight: the product of the event’s spa-
tial term and energy term in the unbinned
likelihood analysis (as indicated on the left
y-axis), assuming the best-fit spectral index
7y = 2.2. The color scale represents the re-
constructed muon track energy. The Gaus-
sian curves display the best-fit flare time win-
dow for different analyses: Figure courtesy
of M. Karl.

3" https://github.com/icecube/skyllh/tree
/master/skyllh/analyses/i3/publicdata_ps,
https://icecube.github.io/skyllh/master/htmi/t
utorials/publicdata_ps.html.

32 Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

33 Abbasi et al., “Search for Multi-flare Neu-
trino Emissions in 10 yr of IceCube Data
from a Catalog of Sources”.

34 Huber, Krings, et al., “Results of lceCube
searches for neutrinos from blazars using
seven years of through-going muon data”.
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6.7 Applications and outlook

In this chapter, we introduced a newly developed extension of the
open-source software SkyLLH to perform time-integrated and time-
dependent neutrino point-source searches based on ten years of pub-
lic IceCube data3’. This new interface allows users to reproduce rea-
sonably well the results published by IceCube.3?33 In this work, we
have implemented the point-source analysis assuming power-law en-
ergy spectra and demonstrated its performance as a starting point.
Thanks to the interest from the community, new features are now
under development, including support for point-source analyses as-
suming arbitrary source flux shapes and multi-source searches (stack-
ing analyses34).

The following publications have used our open-source SkyLLH
interface for public data to produce scientific results:

* Peer-reviewed — Bellenghi, Padovani, et al., “Correlating High-
energy IceCube Neutrinos with 5BZCAT Blazars and RFC Sources”,
Astrophysical Journal Letters (2023)

¢ Conference proceedings — Barbano et al., “Investigating high-energy
neutrinos from blazars with a maximume-likelihood analysis of the
IceCube observatory data”, Proceedings of 38th International Cosmic
Ray Conference — PoS (2023)

® Peer-reviewed — M. Karl, Padovani, and Giommi, “The spectra of
IceCube Neutrino (SIN) candidate sources - IV. Spectral energy
distributions and multiwavelength variability”, Monthly Notices of
the Royal Astronomical Society (2023)

¢ Accepted for publication in A&A, peer-reviewed — Rodrigues et
al., “The Spectra of IceCube Neutrino (SIN) candidate sources —
V. Modeling and interpretation of multiwavelength and neutrino
data”, arXiv e-prints (2024)


https://github.com/icecube/skyllh/tree/master/skyllh/analyses/i3/publicdata_ps
https://github.com/icecube/skyllh/tree/master/skyllh/analyses/i3/publicdata_ps
https://icecube.github.io/skyllh/master/html/tutorials/publicdata_ps.html
https://icecube.github.io/skyllh/master/html/tutorials/publicdata_ps.html
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WA M ethods to Unveil Populations of Weaker
Sources

In Chapter 5, we described the unbinned likelihood-ratio test used
for conducting a point-source analysis and presented its performance.
In particular, we detailed the method for performing a search for the
strongest emission in the sky, see Section 5.4. In this chapter, we de-
scribe three analyses that complement the point-source analysis by
searching for an excess of multiple signals originating from multiple
faint neutrino sources. First, we describe the methods of the so-
called hotspot population analysis (HPA), which uses Poisson statistics
to assess whether a population of rather weak sources is necessary
to explain the number of hotspots observed in a neutrino sky map.
Second, we present the population binomial test, which can be used
to search for a cumulative excess from a predefined list of candidate
sources. Finally, we describe the statistical method used in a recent
study to correlate blazars with neutrinos in the IceCube’s Southern

Sky.1 " Buson et al., “Beginning a Journey Across
the Universe: The Discovery of Extragalactic
Neutrino Factories”.

All of the methods described in this section have in common that
they assess the significance of a population of local p-values obtained
from the point-source analysis.

7.1 Neutrino hotspots as a population of sources

From a very general perspective, the HPA takes a set of values and
searches for a significant excess of small or large values within the
set. This makes the approach applicable to many different types of
population studies. In the context of this work, the analysis evalu-
ates the set of local p-values populating a sky map obtained by scan-
ning the Northern sky for neutrino emission from point-like sources
(see Section 5.4). A statistically relevant excess of p-values individu-
ally lying above a minimum local significance threshold may be the
signature of a population of subdominant sources. The method de-

scribed below is based on that presented in previous studies.?3 As 2 Aartsen et al., “All-sky Search for Time-
integrated Neutrino Emission from Astro-
physical Sources with 7 yr of IceCube Data”.
3 Aartsen et al., “Search for steady point-like
more accurately assess the neutrino flux that produces the hotspots sources in the astrophysical muon neutrino
flux with 8 years of IceCube data”.

part of this work, we introduce a new signal simulation strategy. As
we will see in Subsection 7.1.2 and Subsection 7.1.4, it allows us to

observed in a sky map.
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4 Further details about the point-source anal-
ysis can be found in Section 5.1.

The analysis strategy entails counting the number of hotspots in
a sky map that exceed some significance threshold, and then com-
paring this number to what would be expected from the background
alone. The background in question here is the combined diffuse at-
mospheric and astrophysical neutrino flux. The astrophysical sig-
nal from point-like sources is expected to appear as an excess above
the background and produce several p-values smaller than one in
the point-source analysis.# The important metric is the number of
hotspots that are more significant than the threshold xy,, out of a
total of N selected hotspots. This can be quantified as

n(Xe) = ), Ox;i — Xy ), (7.1)

M=

Il
-

1

where O(x) is the Heaviside function and the sum is evaluated for
each hotspot i. Note also that the metric n(xy,) is by definition a
monotonically decreasing distribution.

If the hotspots are statistically independent, their count distribu-
tion is Poissonian, which allows us to estimate the significance of
an excess of hotspots above a certain threshold using the Poisson
p-value

e} /\ . k
PPoisson (A (Xthr)) = e M) Z @

o (7.2)

k:n(xthr)

which is used as the test-statistic of the analysis. Here, A(xy,) =
Nxy,, represents the expected number of hotspots from the back-
ground at a threshold xy,,, and k = n(xy,) is the observed number of
hotspots at xy,,. Note that we use the — log,, p as significance thresh-
olds for this analysis. Therefore, from now on, Xy, = —10g;( Phr-

What is a “hotspot”?

The input for this analysis is the output sky map of the point-
source analysis. This Northern sky map is divided into a grid of
approximately 0.2 by 0.2 square degree pixels. With the bin cen-
ters as candidate source coordinates, the signal likelihood is maxi-
mized, and the —log,, p is calculated at each grid point. The choice
of how to define a hotspot in the skymap must ensure that the selected
hotspots will be statistically independent to use Poisson statistics for
the analysis. We define a hotspot as a pixel in the sky map that:

* has the lowest p-value among its eight closest neighboring pixels
and

* is at least 1° away from any other hotspot in the sky.

Therefore, if two hotspots are closer than 1°, only the most significant
one is selected, while the other is assumed to be correlated with the
more significant one and thereby discarded. Choosing a minimum
distance Y min = 1° ensures the selection of independent and, there-
fore, Poisson-distributed hotspots. For example, Figure 7.1 shows
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the count distributions obtained from 1,000 simulated background
sky maps at six different thresholds. We evaluate the compatibility
of each observed distribution with a Poisson distribution by perform-
ing a Kolmogorov-Smirnov (KS) test.> The agreement is satisfactory,
with p-values larger than 10% at all thresholds, as illustrated in Fig-
ure 7.2. Distributions at other thresholds can be found in Section B.1.
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7.1.1  Parametrization of the background expectation

The number of expected hotspots from background A(—log;, pinr)
is estimated from Monte Carlo simulations for many thresholds in
the range —log, Pt = (2.0, 7.0] in steps of 0.1. We simulate 1,000
background (atmospheric and diffuse astrophysical) sky maps and
perform the hotspot search as per Equation 7.1. The mean of the dis-
tribution at a given threshold (see Figure 7.1) is taken as the expected
hotspot count at that threshold.

A non-smoothing spline combined with a linear fit is used to inter-
polate between the 51 values for A(—1log;, pir) as a function of the
threshold to extrapolate the background expectation at any thresh-
old. Smoothing the interpolation is not possible because of the slight
deviation from the Poisson behavior at small —log;, puy, Visible in
Figure 7.2.

The interpolation spline is shown in Figure 7.3. The unsmoothed
linear interpolation is replaced by the linear fit at —log, pge = 5.5, 1.
e., where the difference between the two parametrizations is minimal.
The interpolation parametrizes the low —log;, pm: region, while the
fit is used for the high-threshold regime. The advantage of the lin-
ear fit is that it reduces the effect of statistical fluctuations in the

5Arnold and Emerson, “Nonparametric
Goodness-of-Fit Tests for Discrete Null Dis-
tributions”.

Figure 7.1: The count distribution of hotspots
obtained from 1,000 simulated sky maps
(dark error bars) is compared to the Poisso-
nian distribution centered at its mean value
(light blue histogram). In each panel, a dif-
ferent —log,, Pinr is considered.

10° A

KS-Test p-value

10~ o

- lOgl(J DPthr

Figure 7.2: KS test p-values assessing the
compatibility of the observed hotspot counts
with a Poisson distribution. The distribu-
tion at the first threshold, —log;, pr =2.0,
shows the greatest deviation from the null
hypothesis of perfect agreement. However,
all p-values are above 10%, indicating good
overall agreement.
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Figure 7.3: Parametrization of the expected
number of hotspots from the background
as a function of the significance threshold.
Top: The blue dots represent the mean of
the count distributions obtained from simula-
tions, with statistical uncertainties. The un-
smoothed linear interpolation of the mean
values results in the solid, light blue line. In
the high-threshold region, highlighted by the
shaded area, a linear fit (solid, red line) is
performed to estimate the expected number
of hotspots. The dashed red line indicates
the threshold value at which the fit replaces
the interpolation. Bottom: Relative differ-
ence between the two parametrizations.

Figure 7.4: Example analysis output on a
background pseudo-experiment. Top: The
dashed grey line represents the background
expectation, with the shaded blue areas in-
dicating the 10, 20, and 3 ¢ uncertainties.
The solid black line shows the observed
number of hotspots. The dotted red line
highlights the maximum deviation from the
background expectation. Bottom: Poisson
p-value of the observed number of hotspots
above each threshold.

high-threshold regime. In 6 < —log;, pimr < 7, where the statistical
fluctuations begin to affect the experimental expectation significantly,
the relative difference between the non-smoothing spline and the fit
line reaches a non-negligible difference of ~ 15%.

The typical output of the HPA is displayed in Figure 7.4 for a back-
ground simulation. The lower panel of the figure shows the Poisson
p-value ppgisson at each —log,, pmr- The test-statistic of the experi-
ment will be the minimum ppgisson Out of the scan. The number of
hotspots and corresponding — log;, i at the minimum ppeisson are
the best-fit parameters of the analysis. Since the analysis requires the
scan of several significance thresholds, the experimental result (pre-
trial ppoisson) Must be corrected for the multiple hypothesis testing,
i.e., for the look elsewhere effect. As the tests are all highly correlated,
the trial-corrected p-value (or post-trial p-value) has to be estimated
from simulations.
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7.1.2  Simulations and analysis performance

In principle, each HPA simulation (trial) requires the computation
of a sky map. However, performing an unbinned likelihood maxi-
mization in the whole Northern sky necessitates ~ 100 CPU hours,
thus making the computation of O(10*~°) sky maps not feasible.
Following the approach previously employed in analogous studies,®
the problem is addressed as outlined below.

Simulations of background sky maps

The Poissonian behavior of the hotspot counts is a helpful feature
for the simulation of background sky maps as well. First, we extract
the hotspots with —log,;, p > 2.0 from 2,000 background sky maps
and combine them in a large set of — log,, p (approximately 1.34 mil-
lion). As expected in the background-only scenario, these p-values
are uniformly distributed.” We can generate a single background
pseudo-experiment by randomly sampling N values from the afore-
mentioned pool of background hotspots, where N is the mean of the
Poisson distribution for —log;, psmr = 2 (see the upper left panel of
Figure 7.1). By construction, the simulations will contain the cor-
rect number of background hotspots with the correct frequency of
significance, including statistical fluctuations.

Following this procedure, we construct the background test-statistic
distribution, namely the distribution of the minimum Poisson p-
values from the background pseudo-experiments. We perform the
HPA on 2,000 background sky maps (the same used for constructing
the pool of background hotspots). The resulting 2,000 test-statistic
values distribution is presented in Figure 7.5.

The distribution can be conveniently parametrized by a gamma
distribution defined as

Flxlk ) = g™ te 73)

where k and 6 are the shape and scale parameters of the function,
respectively. From the fit, we obtain k = 3.68 and 6 = 0.35. The
median of the distribution is 1.16. To verify the compatibility of the
distribution with the fitted gamma shown in Figure 7.5, we perform
a Kolmogorv-Smirnov test, which yields in excellent agreement, with
a p-value of 0.46. The gamma distribution can be used to calculate
the 50 quantile of the background TS distribution, which is necessary
for the discovery potential calculation.

Simulations of sky maps with injected signal

To simulate a sky map with hotspots produced by astrophysical
point sources, we take the following steps:

1. Generate a background pseudo-experiment as described in the
previous paragraph;

8 Reimann, “Search for the sources of the as-
trophysical high-energy muon-neutrino flux
with the IceCube neutrino observatory”.

7 Consequently, the — log10 p are exponen-
tially distributed.
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Figure 7.5: Distribution of test-statistics ob-
tained by searching the hotspots in 2,000
simulated background sky maps. The yellow
line represents the gamma distribution fitted
to the distribution of TS values.
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2. Define a population of N sources as N declinations and N corre-
sponding fluxes;

3. By using the detector effective area at the source declination (J),
convert the fluxes into a mean number of injected neutrinos, pinj,
for each source;

4. Draw the number of events to inject at the source position, 7ninj,
from a Poisson distribution with expectation value pinj;

5. Based on ¢ and nyyj, select a —log,, p from a large pool of single
point-source trials (the generation of the signal pool is described
later);

6. If the selected —log, p is greater than the minimum threshold of
2.0, it is a signal hotspot to be added to the population generated
in the first step.

The last part of the hotspot selection procedure is the angular cut,
which preserves the minimum angular distance ¥Ymin = 1°. The
simulation of the cut is performed as part of step 6. before adding
the hotspot to the population:

¢ For each signal p-value, draw a random number 7 between o and
1 from a uniform distribution.

o If ¥ > M Ops/Opemi, add the p-value to the population. M is the
number of hotspots already in the population, Qs = 7¥2, . is
the solid angle occupied by a hotspot, and Oy eny; is the solid angle
covered in the point-source scan of the Northern hemisphere from
-3° to 81° declination.

o If r <= M Qus/Opemi, the hotspot is considered to be too close to
another one. In this case, randomly select a hotspot from the ones
already in the population and compare its — log,, p with the new
candidate’s one: the greater one is kept in the population, while
the other is discarded.

This procedure accounts for the increasing probability of finding two
hotspots too close to each other as the number of hotspots in the set
grows. Finally, the maximum number of hotspots that can belong to
a population is limited to the mean of the distribution of background
—log,, p > 2.0 plus three standard deviations. This is motivated by
the fact that the population of background hotspots already includes
the astrophysical diffuse neutrino background, which serves as our
natural upper limit on the neutrino signal in the sky.

Generation of a pool of signal hotspots

The aforementioned “signal” hotspots can be generated as sin-
gle point-source trials. We generate a large number of point-source
simulations by injecting various signal strengths at several declina-
tions, chosen uniformly in sin(é), with § = [-3°,81°]. Each trial is
recorded with information about the true number of injected events,
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Niyj, and the local p-value obtained from the unbinned likelihood-
ratio test. This procedure generates a large pool of hotspots gener-
ated according to a power-law neutrino spectrum o E5, .

We simulate background and signal events and perform the point-
source analysis by scanning a disc of radius 1° and centered at the
injection location. We select the minimum p-value from the scan
as the candidate hotspot and save it in the pool for signal injections.
While the procedure could be expedited by simply recording the
—log,, p at the injection location (source), the disc scan produces a
more realistic simulation of weak signals, with a more prominent ef-
fect when the hotspots are dominated by low-energy events (< 1 TeV)
and their localization is less accurate (see Figure 4.9). The left panel
of Figure 7.6 depicts the disc scan performed after the injection of 5
signal events sampled from a neutrino spectrum o« E320 at declina-
tion & ~ 10°. For reference, this signal is at the sensitivity level of the
point-source analysis for a spectral index ¢ = 2.0 (see Figure 5.11).
However, the minimum p-value is often localized 0.1° — 0.2° from
the injection location (the yellow star in the figure). The ratio be-
tween the p-value at the injection pixel and the minimum p-value
from the scan is shown in the left panel of the same figure. On aver-
age, for small signals, the p-value at the injection pixel can be up to
a factor of ~ 8 larger than the minimum p-value, depending on the
spectral index of the injected neutrino spectrum, -y, and on the signal
strength, n;,;. The average ratio between the two p-values remains
greater than one even for 50 equivalent sources (which need a mean
number of signal events of ~ 15 and ~ 70 for v = 2.0 and ¢y = 3.2,

respectively).
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Figure 7.7 shows that by selecting the hotspots out of the disc
scan, the variance of —log,, p for a given signal strength is reduced
by up to 15% when the underlying signal spectrum is hard, e.g.,

(Ev/1TeV) —20, Conversely, for a soft spectral index, e.g. (E /1TeV) 32

the variance stays roughly the same. However, in both cases, the flux
at 1 TeV resulting in —log;, p > 2.0 reduces by 2 30%.

8 As we work in spherical coordinates, the
radius represents an angular distance of 1°.

Figure 7.6: Left: Example disc scan to se-
lect a candidate signal hotspot. The disc is
divided into equivalent pixels of ~ 0.2 x 0.2
square deg. Each pixel is displayed as a dot,
with the color scale representing their signif-
icance. The yellow star marks the source
location. The pixel outlined in red includes
the source location within its area. The most
significant — log,, p (the darkest one) is 17
times smaller than the source one. Right:
The ratio between the p-value at the source
pixel and the minimum p-value from the scan
as a function of signal strength. The point-
source simulations are for two different in-
jected power-law spectral indices, shown in
different colors. Source locations are simu-
lated between 0° and 30° in declination. The
bands represent the central 68% quantile of
the distributions. The v = 2.0 curve is inter-
rupted because sources with over 20 events
are already well beyond the 5¢ discovery
threshold of the point-source analysis.
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Figure 7.7: Median local —log;, p of the
hotspots as a function of the signal strength,
expressed both as the number of injected
signal events (bottom x axis) and flux nor-
malization at 1 TeV (top x axis). The curves
represent averages across all declinations,
as the hotspots are generated uniformly
across the hemisphere. The p-value at the
source location is shown in grey, while the
red distribution shows the minimum p-values
from the disc scan. Left: Simulated neutrino
spectrum with a hard spectral index, ¢ = 2;
Right: Soft spectral index, v = 3.2.

9 See Subsection 5.3.2 for a general defini-
tion of sensitivity and discovery potential.
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Figure 7.8: Test-statistic distributions corre-
sponding to the flux per source for detect-
ing 64 sources at the sensitivity level (blue
histogram) and 5 ¢ (yellow histogram). The
simulated spectral index is y = 2.0 and the
two TS distributions are obtained for 2.1 and
4.3 neutrinos per source, respectively. The
solid black line shows the background, ap-
proximated by the gamma distribution from
Figure 7.5. Note that the distributions have
been scaled up for clarity.

% Reimann, “Search for the sources of the
astrophysical high-energy muon-neutrino
flux with the lceCube neutrino observatory”.

This procedure to choose the signal-like hotspots is more likely to
select background fluctuations. Nevertheless, the same occurs when
the hotspot search is conducted on the experimental sky map.
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7.1.3  Study of the analysis performance

The signal generation procedure described in this section is em-
ployed for the first time in the context of this analysis. Regarding
analysis performance, it results in a more accurate and less conser-
vative estimate of the analysis sensitivity. The effect is driven by the
smaller average signal strength required to detect a signal above the
background.?

The simplest scenario for evaluating the sensitivity of the analysis
is that of a population of sources with equal neutrino fluxes at Earth.
While being rather unrealistic, this population makes comparisons
between different implementations easier. For example, Figure 7.8
displays the TS distributions for the sensitivity and 50 discovery po-
tential fluxes of a population of 64 equal strength sources. Comple-
mentarily, Figure 7.9 shows the sensitivity and 5 ¢ discovery poten-
tial flux per source as a function of the number of sources simulated
in the population. The implementation that injects signal hotspots
from a pool of single point-source p-values at the source location is
compared to the new one using the minimum p-values out of a 1°
scan around the source location. The new implementation reduces
the estimated sensitivity flux by up to ~ 20% in the small popula-
tion regime. If the experimental sky map turns out to be compatible
with the background hypothesis, this translates into up to 20% more
stringent upper limits. Besides, from Figure 7.9, we observe a bend-
ing in the flux-per-source curves when they approach the astrophys-
ical diffuse flux limit, i.e., the large population regime. This effect
has previously been understood as due to underestimating the total
astrophysical diffuse flux being injected in the simulations.’ In Sub-
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section 7.1.4, we propose a simple yet effective method to properly
account for this additional flux.
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Before discussing the estimation of the astrophysical signal in the
simulated sky maps, we examine the typical response of the HPA to
different types of signals by performing controlled injection simula-
tions. We simulate populations of hotspots containing ~3 ¢ sources
(i.e., with —log;, p ~ 2.9) and perform the HPA. Figure 7.10 presents
the cumulative distribution of the recovered sources’ significance.
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The test shows that the HPA is not sensitive to a single source
with a local significance of 30. It needs approximately ten sources
of that significance to recover the injected —log;, p in a reasonable
fraction of the pseudo-experiments. In fact, random clusterings of
background events are expected to produce ~ 124 4 11 hotspots (see
Figure 7.3), where the uncertainty corresponds to one standard devi-
ation. The Poisson p-value corresponding to such a signal would be
~ 3%, before any correction for multiple testing. The right panel of
Figure 7.10 shows the same study but when we simulate one single

Figure 7.9: The sensitivity (dashed) and
discovery potential (solid) E2 fluxes per
source are shown as a function of the num-
ber of simulated sources in the sky. The light
blue lines are obtained by injecting hotspots
as the p-value at the simulated point-source
location. The dark blue fluxes use signal
hotspots defined as the minimum p-value
from the disc scan described in the text. The
best-fit astrophysical diffuse flux per source
within 10 uncertainty is shown as a yellow
band. Its spectral index is 2.28, as per Stet-
tner et al., “Measurement of the diffuse as-
trophysical muon-neutrino spectrum with ten
years of lceCube data”.

Figure 7.10: Response of the HPA to con-
trolled signal injections shown as the cumu-
lative distribution of the best-fit —log;, Pehr
based on 2,000 trials. Left: Simulations
of populations of ~ 3 ¢ sources, with each
color representing a different number of in-
jected sources. The dashed black line shows
the background case. Right: Similar to the
left panel, b but simulating only one popu-
lation consisting of a single ~ 50 source.
In both panels, the dotted grey line indicates
the mean — log,, p of the injected sources,
with the band representing the spread of the
Gaussian distribution from which they are
sampled.



96

B
& 102 -
o
—
an
L2 10!
|
g

109 —

2 3 4 5
- lOglo Pthr

Figure 7.11: Hotspot counts obtained from
background sky maps, including the best-
fit diffuse astrophysical flux (grey solid), are
compared to the counts obtained when no
astrophysical component is included in the
background (dashed yellow) and when we
inject twice the best-fit astrophysical flux
(dotted red). The blue bands represent the
10, 20, and 30 Poisson uncertainties on
the grey, solid line.

" Aartsen et al., “Search for steady point-like
sources in the astrophysical muon neutrino
flux with 8 years of IceCube data”.

2|n Subsection C.4.1, we showed that a
possible anisotropic contribution from the
Galactic Plane on 13 years of up-going muon
tracks is still negligible, see Subsection C.4.1

'3 For a description of the PSF of the point-
source analysis used in this work, see Sec-
tion 5.1.

source with a local significance of 5¢. In this scenario, the analysis
expects only 0.04 hotspots; therefore, one single source at that sig-
nificance is enough to recover the injection in most simulations. In
this case, the analysis TS would be ~ 4%.

7.1.4 Influence of the astrophysical diffuse neutrino flux on simula-
tions

Simulated background sky maps for the HPA already contain the
total astrophysical diffuse flux, which is included as a background
component of the point-source analysis. Concerning the signal hy-
pothesis, the single point-source analysis assumes that the observed
events originate from the combination of atmospheric and astrophys-
ical diffuse fluxes with a clustering of astrophysical events origi-
nating from a point-like source. Thus, HPA pseudo-experiments
with injected signals have two astrophysical diffuse fluxes: one from
the background hotspots and an additional fraction in each signal
hotspot. To properly assess the amount of astrophysical flux injected
in each simulation, the background level in a sky map should be
adjusted dynamically based on the injected point-source flux, ensur-
ing that the total astrophysical flux does not exceed the measured
value. However, this requires simulating an enormous number of
background sky maps to parametrize the expected hotspot counts
as a function of the fraction of astrophysical diffuse flux injected as
point-like signals.

To quantify the impact of the diffuse astrophysical flux on the
HPA, we simulated 100 background sky maps without astrophysical
background and 100 with twice the usual background. Figure 7.11
compares the hotspot counts in these scenarios to the standard case,
showing significant differences exceeding 3 standard deviations up
to —log;o P =~ 3.2.

Previous work'" resorted to removing the astrophysical diffuse
background from the point-source simulations to generate signal
hotspots. However, this approach leads to a modification of the sig-
nal hypothesis tested in the point-source analysis. Hence, we try to
solve the issue by quantifying the amount of additional flux injected
in each HPA simulation.

In the Northern sky, the assumption that the detected astrophysi-
cal diffuse background is isotropic holds.”> Under this assumption,
we can use Equation 4.17 to calculate the average number of muon-
neutrino events from the all-flavor diffuse flux,

PAO(E) = 1.44 x (E/100 TeV) 228 x 10718 GeV! em™2 s~ sr7},
contribute to a hotspot. First, we divide ¢S (E) by 3 to account
only for the muon-neutrino flux, assuming an equal flavor ratio at
Earth (see Subsection 2.2.2). Then, we calculate the average number
of neutrinos contributing to a hotspot as ¢ (E) Qpsg/3, where
Qpsg = n‘I’IZ,SF. We use Ypsp = 1.7°, which is the angular distance
corresponding approximately to the 68% quantile of the point-source
point spread function'3 for events with muon energy ~ 10 TeV and
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averaged over angular errors from 0.1° to 0.6°. We obtain that each
signal hotspot is produced by ~o.3 neutrinos of astrophysical origin,
adding to the ones injected as a point-source signal.

This approach does not alter the simulation pipeline. The only dif-
ference is that a slightly increased flux is associated with each source.
Since 0.3 neutrinos over g years are below the IceCube sensitivity, the
effect of the additional flux is only visible when a large number of
sources, O(100), are simulated in the sky. This value of 0.3 is av-
eraged over the entire Northern sky, so it may not be exact when
injecting a few (1 — 10) sources but provides a reasonable estimate
when injecting O(100) sources, where the contribution becomes sig-
nificant for the analysis. Figure 7.12 shows the effect of the proper
assessment of the total injected flux: the bending of the sensitivity
and discovery potential curves in Figure 7.9 disappears, and the es-
timation of the fluxes becomes reliable also for large populations of
simulated sources.
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In the context of this work, we perform the HPA on the sky map
obtained from the point-source search performed on g years of up-
going muon-neutrino events.'* Previously, the same analysis was
conducted using 8 years of Northern sky events.’> Both the 8-year
and g9-year samples were constructed following the same selection
criteria. Still, the 8-year sample included data from incomplete de-
tector configurations (IC59 and IC79) and six years of IC86 data.’® In
contrast, this analysis uses 9 years of IC86 data, resulting in approx-
imately 30% more muon-neutrino events in the g-year dataset. Our
sensitivity is comparable to the 5¢ discovery potential of the previ-
ous 8-year analysis, as shown in Figure 7.12. Approximately 20% of
this improvement is attributed to the increased sensitivity due to the
larger neutrino data sample. The remaining 20% — 40% (depending

Figure 7.12: The final sensitivity and 5 o dis-
covery potential fluxes per source for pop-
ulations of equal strength at Earth sources
are shown as a function of the population
size in solid and dashed blue, respectively.
For comparison, we show the sensitivity flux
per source of the 8-year HPA (Aartsen et al.,
“Search for steady point-like sources in the
astrophysical muon neutrino flux with 8 years
of IceCube data”). The astrophysical diffuse
flux is shown with its 1 ¢ uncertainty in yel-
low. The lower panel shows the improve-
ment in the sensitivity estimate of this analy-
sis over the 8-year HPA.

* Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

S Reimann, “Search for the sources of the
astrophysical high-energy muon-neutrino
flux with the IceCube neutrino observatory”.
'6 See Chapter 4 for a description of the de-
tector configurations.
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on the population size) is due to enhanced simulation strategies, in-
cluding the new signal pool construction and consistent calculation
of the injected astrophysical flux in simulations. It is also important
to note that the 8-yr point-source analysis had a Gaussian prior term
on the spectral index centered at v = 2.19 in its likelihood. Thus, the
two studies in Figure 7.12 are not exactly comparable. However, the
sensitivity and discovery potential in the figure are estimated for a
spectral index of 2.0, likely boosting the results of the previous anal-
ysis with the hard spectrum prior and thus making the estimated
improvement of the new HPA conservative.

The results from the hotspot population analysis are discussed in
Section 8.1. Next, we will explore another methodological approach
to detect subdominant neutrino sources in a less biased manner by
examining neutrino emissions from a predefined list of candidate
astrophysical sources.

7.2 Neutrino emission from a catalog of subdominant sources:
a binomial test

Given a list of N candidate neutrino emitters, this approach evalu-
ates a subset of sources that show positive results in the single point-
source analysis. The test examines the sources’ pre-trial p-values
(Plocal) to identify any excess of small p-values beyond what is ex-
pected from random background fluctuations. Therefore, this test is
a special case of the HPA: Instead of having an unknown number
of potential sources, we focus on a list of predefined sources, usu-
ally selected based on a prior belief that they are neutrino emitters.
The probability of observing k or more sources with p-values smaller
than pj out of a total of N sources is described by binomial statistics:

N N /N\ . .
Pbinom = ;(Pbinom (i‘Pk, N) = Zk < i )p}( (1 - Pk)N h (7.4)
1= 1=

Pbinom 1S calculated for each py, i.e., the p-value obtained from the
point-source analysis at each source in the list. The pair (k, py) yield-
ing the minimum ppinom represents the best-fit result of the binomial
test. The binomial p-value must be corrected for scanning N p-value
thresholds py. We apply the correction by comparing the observed

obs
binom

background simulations of the entire catalog. The trial-corrected sig-

p-value p to the distribution of minimum py;nom Obtained from
nificance is given by the fraction of simulated background ppinom
values smaller than the observed one. It is important to test all N
source locations on the same simulated neutrino sample to account
for possible spatial correlations between nearby sources.

The price one has to pay for such a simple and robust test is that,
given a best-fit number of sources contributing to a significant bino-
mial excess, the specific objects responsible for an observed signal
are not identified. One cannot distinguish between sources gen-
uinely produced by an astrophysical signal and those boosted by
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background fluctuations. Instead, the result indicates the compat-
ibility of the entire list of target sources with the background-only
hypothesis.

In this thesis, the binomial test has been used on two lists of can-
didate neutrino emitters: a list of 110 gamma-ray detected objects
and a list of 47 X-ray bright Seyfert galaxies. The selection strate-
gies for these lists and the outcomes of the searches are discussed in
Subsection 8.2.2 and Subsection 8.2.3, respectively.

7.3 Spatial correlation of neutrino hotspots with source cata-
logs

The last analysis strategy to identify populations of sub-dominant
neutrino sources in the sky that we need to introduce uses the method
employed by Buson et al., “Beginning a Journey Across the Uni-
verse: The Discovery of Extragalactic Neutrino Factories”, hereafter
referred to as Buson et al. ApJL 933, 2022. Their study performs a spa-
tial correlation analysis to explore possible associations between the
sources listed in the 5th edition of the Roma-BZCAT Multifrequency
Catalogue of Blazars'7 (5BZCAT) and the Southern neutrino sky, us-
ing 7 years of muon tracks recorded by the IceCube detector.’® The
authors observed a substantial deviation from the expected chance
coincidence correlation, reaching the ~4.5 0 level,’9 leading to their
claim of discovering extragalactic neutrino factories. As part of our re-
search, we reproduce the result obtained by Buson et al. ApJL 933,
2022 and conduct several additional tests to verify their claim. As
we shall see in Section 8.3, where the results are presented, our find-
ings do not support the discovery claimed by the published work.
Here, we outline the methods used in the original paper and de-
scribe their adaptation for this work. The outcome of this search has
been published in Bellenghi et al. ApJL 955, 2023,%° and the following
discussion closely follows our publication.

7.3.1  The blazar samples

The 5BZCAT catalog includes coordinates and multi-frequency data
for 3,561 sources, either confirmed blazars or exhibiting blazar-like
characteristics. Upon its initial release, this catalog likely repre-
sented the most comprehensive collection, incorporating most well-
documented literature sources. However, it is an inhomogeneous
sample, collecting sources detected in various frequency bands and
surveys. Moreover, it is not flux-limited, i.e., it does not encompass
all objects above a certain flux threshold in a given frequency band.
As shown in the left panel of Figure 7.13, the 5BZCAT catalog ex-
hibits significant undersampling in the Southern hemisphere due to
a radio-optical identification bias towards the Northern sky.**

To assess the impact of using a flux-limited and uniformly dis-
tributed sample compared to an inhomogeneous one, we repeat our
tests using a subset of the very-long baseline radio interferometry

7 Massaro et al.,, “The 5th edition of the
Roma-BZCAT. A short presentation”.

'8 Aartsen et al., “All-sky Search for Time-
integrated Neutrino Emission from Astro-
physical Sources with 7 yr of lceCube Data”.
' Buson et al., “Erratum: “Beginning a Jour-
ney Across the Universe: The Discovery
of Extragalactic Neutrino Factories” (2022,
ApJL, 933, L43)".

20 Bellenghi, Padovani, et al., “Correlating
High-energy IceCube Neutrinos with 5BZ-
CAT Blazars and RFC Sources”.

2 Massaro et al., “The 5th edition of the
Roma-BZCAT. A short presentation”.
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22 http://astrogeo.org/rfc/

Figure 7.13: 5BZCAT (left) and RFC (right)
sources uniformly binned in equatorial coor-
dinates. Spatial non-uniformities in the 5BZ-
CAT with a bias towards the Northern sky are
evident.

Figure 7.14: The declination distribution of
the sources in the 5BZCAT (left) and in the
RFC (right) catalogs in red are compared to
the cosine distribution in blue. Note that the
expected uniform distribution is not a per-
fect cosine because sources from the galac-
tic plane are removed.

2 A. V. Plavin et al., “Directional Association
of TeV to PeV Astrophysical Neutrinos with
Radio Blazars”.

24 Abbasi et al., “Search for Correlations of
High-energy Neutrinos Detected in IceCube
with Radio-bright AGN and Gamma-Ray
Emission from Blazars”.

(VLBI)-based Radio Fundamental Catalogue.** (RFC) This sample
comprises 3,411 AGN, mostly blazars, with an average 8 GHz VLBI
flux density > 150 mJy. It was meticulously selected by A. Plavin et
al., “Observational Evidence for the Origin of High-energy Neutri-
nos in Parsec-scale Nuclei of Radio-bright Active Galaxies” to ensure
completeness above this limit. The distribution of the RFC sources
in the sky is displayed in the right panel of Figure 7.13.

5BZCAT

N sources per bin

The declination distribution of sources in the two catalogs is com-
pared to the expected uniform distribution (excluding the galactic
plane at galactic latitude |by| < 10°) in Figure 7.14. Aside from
the 5BZCAT undersampling in the Northern sky, there are notable
excesses at & ~ 0° and 0 ~ 40°. KS and Wilcoxon-Mann-Whitney
(WMW) tests reject the compatibility of the 5BZCAT declination dis-
tribution with the uniform distribution at more than 8 ¢. In contrast,
although not perfect, the RFC sources display better spatial unifor-
mity (p-values from the compatibility tests are at the percent level).

0.015 - .
5BZCAT RFC
0.010 - .
&
A
o
0.005 - .
0.000 .
T T T T T T T T T T
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We use the RFC 2020_b version, which has already been used to
test for an association between the RFC and IceCube neutrinos by
other works.?3?4 For both catalogs and for consistently with Bu-
son et al. ApJL 933, 2022, we exclude from the correlation analysis
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sources overlapping with the Galactic plane (|by| < 10°). Addition-
ally, to match the coverage of the neutrino sky map, only sources
with [6| < 85° are considered. Finally, when using the 5BZCAT, we
omit the 92 objects classified as “BL Lac candidates”.

7.3.2  Statistical method

Buson et al. ApJL 933, 2022 correlates the 5BZCAT blazars with the
neutrino sky map resulting from a point-source scan of the sky us-
ing 7 years of IceCube data.®> This map is provided as a list of
pre-trial local p-values on a grid of equivalent pixels of ~(0.11°)?
constructed using a HEALPix?® projection with resolution parame-
ter Nside = 512. Following Buson et al. ApJL 933, 2022, we denote
the —log,, Plocal Mapping the neutrino sky as L to avoid confusion
with the p-values of the correlation analyses. As already described
in Section 5.1, the L values are based on a maximum likelihood ratio
comparing a background and a signal hypothesis. The former as-
sumes that the neutrino emission is due to atmospheric background
and diffuse astrophysical fluxes, while the latter includes an addi-
tional component from the source clustering around it. Larger val-
ues of L indicate a lower compatibility of the neutrino data with the
background-only hypothesis.

The goal is to search for a spatial correlation between the blazars
and the IceCube neutrinos using the hotspots in the neutrino sky
map. The relevant metric of this analysis is the number of hotspots
in the sky associated with at least one source based on proximity
criteria. As in Section 7.1, the hotspots are defined as independent
pixels with local significance L above a threshold L, and are inde-
pendent when they are at least 1° away from each other.?”

The test-statistics of the correlation analysis is the number of hotspots

(HSy) with L> Ly, having at least one source closer than an associ-
ation radius 7ag50c:

TS = n(Lmin, Tassoc) = Z Q) (Z@ (Fassoc — <{(HS., source))
{HSy L>Lnin } src

(7.5)

where the first sum is over all neutrino hotspots belonging to the set
with L > Ly, and the second sum is over all sources. ©(x) is the
Heaviside function, which is 1 when the angular distance between
the hotspot and the source is smaller than the tested association ra-
dius 7ass0c-

A set of Lyin and 7ass0c Values are defined a priori, and the num-
ber of hotspot-blazar coincidences is computed for each combina-
tion. For each pair of (Lmin, "assoc), the p-value of the correlation is
defined as the chance probability of getting the observed TS (Equa-
tion 7.5). We derive it by performing the correlation analysis on
pseudo-experiments generated by randomizing the position of the
sources, thereby creating a simulated catalog in each trial. Following
Buson et al. ApJL 933, 2022, we limit the scrambling of the source

)

2 Available at https:/icecube.wisc.edu/dat
a-releases/2020/02/all- sky-point-source-ice
cube-data-years-2012-2015/.

% Gorski et al., “HEALPix: A Framework
for High-Resolution Discretization and Fast
Analysis of Data Distributed on the Sphere”.

27 For the 7-year sky map this has been
demonstrated for hotspots with L > 3
in Coenders, “High-energy cosmic ray ac-
celerators: searches with IceCube neutri-
nos. Probing seven years of IceCube muon
data for time-integrated emission of point-
like neutrino sources”.


https://icecube.wisc.edu/data-releases/2020/02/all-sky-point-source-icecube-data-years-2012-2015/
https://icecube.wisc.edu/data-releases/2020/02/all-sky-point-source-icecube-data-years-2012-2015/
https://icecube.wisc.edu/data-releases/2020/02/all-sky-point-source-icecube-data-years-2012-2015/
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Figure 7.15: Left: Local p-value for the
5BZCAT — neutrino hotspot spatial corre-
lation as a function of the association ra-
dius (rassoc) and for various minimum signif-
icance thresholds Ly in the 7-year South-
ern sky. The most significant correlation is
found for Limin = 4.0 and 7a5s0c = 0.55°,
corresponding to a significance of approx-
imately 50. Right: The TS distribution
obtained from over 108 pseudo-experiments
with randomized source positions assuming
the best-fit analysis parameters. The ob-
served TS is marked as a dashed black line.
The p-value is obtained as the fraction of
pseudo-experiments with TS > 10.

locations to a maximum angular distance of 10° from their origi-
nal position. The p-value is then given by the fraction of pseudo-
experiments yielding a TS smaller than the observed one. The best-
fit parameters are the ones yielding the smallest p-value. The best
p-value is then corrected for the “look-elsewhere effect”, i.e., for hav-
ing tested all possible combinations of Luyi, and rassoc. This final
step is done by performing the entire analysis procedure on sev-
eral pseudo-experiments. The number of correlations is computed
for all combinations of parameters, and the best pre-trial p-value is
recorded. The final trial-corrected p-value is obtained as the fraction
of pseudo-experiments yielding a pre-trial p-value smaller than the
observed one.

The authors scanned the L, parameter in [3.5, 4.0, 4.5] and the
Tassoc parameter between 0.4° and 0.7° in steps of 0.05°. They found
44, 19, and 9 hotspots above the three Ly, thresholds, respectively.
The largest deviation from the chance coincidence corresponds to
ten correlations at Lyin = 4.0 and rassoc = 0.55°, meaning that 10
out of 19 neutrino hotspots with —log;; plocal > 4.0 have at least
one blazar closer than 0.55°. The chance origin of this coincidence is
excluded at 50 before accounting for all trials. We reproduced the
result using the same analysis parameters, as shown in the left panel
of Figure 7.15.
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The right panel of Figure 7.15 shows the distribution of the num-
ber of coincidences obtained from pseudo-experiments with random-
ized source positions assuming the best-fit parameters. The ten asso-
ciated blazars are the same as in Buson et al. ApJL 933, 2022, i.e., five
FSRQs, three BL Lacs, and two blazars of uncertain type. The mean
angular separation between the sources and their associated hotspots
is (1) ~ 0.40°, and the mean redshift is 1.3. By definition, all of them
are radio-detected, while only three are gamma-ray sources.
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In Buson et al. ApJL 933, 2022, they state that limiting the random-
ization of the source positions in pseudo-experiments reproduces the
catalog’s original structure (and non-uniformity) in the simulated
ones. While this attempt to preserve the morphology of the catalog
is a reasonable choice when dealing with a non-uniform sample, it is
interesting to study its effect on the analysis. Figure 7.16 shows the
distributions of 10,000 pseudo-experiments generated for the best-
fit parameters, Lyin, = 4.0 and 7,550 = 0.55°, when the scrambling
of the sources’ position is limited to a maximum of 10° and when
it is not. The distribution produced without any constraints on the
scrambling exhibits a longer tail, meaning that the p-value would be
larger (and hence less significant) for a given observed TS value.

We can use a Poisson distribution to interpolate the distributions
in Figure 7.16 and infer the p-value at TS = 10. The Poisson expec-
tation value is set at the mean of the TS distribution. We find that
the p-value corresponding to a TS of 10 increases from 5.3 x 107
to 1.7 x 10~® when no maximum shift from the original position is
imposed. As a result, the pre-trial significance decreases from 4.90
to 4.6 0. While the choice made by the authors affects the statistical
significance of their result in a non-conservative direction, we ac-
knowledge that the effect is small and does not change the overall
outcome of their work.

Remarkably, for the more uniform RFC catalog, the effect of this
choice diminishes greatly and almost disappears as it should, as can
be seen in Figure 7.17.

The results of the various tests performed to validate the claim
of the discovery of blazars as PeV neutrino sources are presented in
Section 8.3. For consistency with what has been done by the authors,
we stick to the choice of generating pseudo-experiments by random-
izing the sources’ locations within 10° from their original positions.
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Figure 7.16: TS distributions degenerated by
performing the correlation analysis on ran-
domized 5BZCAT positions for the analysis
parameters Lyin = 4.0 and 7as50c = 0.55°.
The dark histogram shows the case where
the randomization is limited to a maximum
angular distance of 10° from the original lo-
cation. The light histogram depicts the same
distribution when this limit is not imposed.
The dark and light solid lines indicate the
Poisson distributions with expectation values
equal to the mean of the two TS distributions,
respectively.
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Figure 7.17: Same as Figure 7.16, but for
the more uniform RFC catalog.
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B Results from Searches for Steady Neu-
trino Emission

This chapter summarizes all results from the analyses described in
previous chapters. We start with the search for an accumulation of
hotspots in the Northern neutrino sky map obtained using 9 years

of data.” The second section is devoted to the point-source analysis 1186 2011-2019, see Section 4.7 for a de-
scription of the data sample.

21C79 2010 and IC86 2011-2022, see again
Section 4.7 for a description of the datasets.

of 13 years of IceCube data in the Northern sky.? Finally, the third
section covers the results of various tests aimed at validating the
claim of association between blazars and neutrino hotspots from a

neutrino sky map based on 7 years of IceCube data.3 It is important ® Buson et al., “Beginning a Journey Across
the Universe: The Discovery of Extragalactic

to note that while the first two sections report results produced by Noutino Fastorios”

analyzing IceCube internal data, the last is solely based on public
IceCube data and information.4 4 See Chapter 6.

8.1 Search for an emergent population of hotspots

With a blind search for neutrino emission using 9 years of muon
tracks induced by interactions of neutrinos originating in the North-
ern sky, we found the most significant spot to be spatially consistent

with the location of NGC 1068, a nearby Seyfert 2 galaxy.> After S Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC

producing a full scan of the sky, aside from searching for the most 1068"

significant excess, we aim to determine whether a population of sub-
dominant sources exists. These sources may collectively contribute to
a detectable signal through the accumulation of minor fluctuations,
which are otherwise too weak to be interesting individually. The
hotspot population analysis (HPA) offers the methodology to test
the hypothesis of such an excess over the background expectation,
as detailed in Section 7.1.

As a reminder, the data used for the test are the p-values smaller
than 1% (—1og;g Plocal > 2.0) populating the sky map obtained by
performing the point-source analysis at each point in the sky using

9 years of NorthernTracks.? The minimum threshold of 1% and the & This analysis only includes IC86 data from
2011 to 2019. The results of the point-

L . source analysis on this dataset, including the
are statistically independent so that the expected number of hotspot sky map, have been published in Abbasi et

counts follows the Poisson statistics (see Figure 7.1). al., “Evidence for neutrino emission from the
nearby active galaxy NGC 1068”.

minimum angular separation of 1° ensure that the selected hotspots

We scan the —log;, Plocal Of all selected hotspots and use them
as thresholds (—1log;, pu) for the analysis. We compare the num-
ber of hotspots observed with significance above each threshold to
the expected hotspots induced by random clusterings of background
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Figure 8.1: Results from the hotspot pop-
ulation analysis on the 9-yr Northern neu-
trino sky. In the upper panel, the ob-
served hotspot counts as a function of the
local p-value threshold (— log;, pn) (solid,
black line) are compared to the counts ex-
pected under the background-only hypoth-
esis (dashed grey line) with 1, 2, and 3
Poisson standard deviations shown as blue
shaded areas. The lower panel shows
the Poisson p-value of the observation at
each —log;,pr- The dotted red lines
indicate the maximum deviation from the
background-only expectation.

Figure 8.2: The left panel shows the distribu-
tion of Poisson p-values from 2000 pseudo-
experiments, assuming the background-only
hypothesis to be true. The distribution dis-
played in the right panel shows the fraction of
pseudo-experiments returning a result more
significant than the observed one as a func-
tion of the observed —log;, PPoisson: IN
both panels, the vertical dashed line marks
the experimental result. In the right panel,
the horizontal dashed line marks the corre-
sponding post-trial background p-value.

(atmospheric and diffuse astrophysical) events. Figure 8.1 displays
the result. The maximum deviation from the Poisson expectation is
found for one source at —log;, pmy = 6.75, which is NGC 1068. On
average, background fluctuations produce 0.025 hotspots with a sig-
nificance larger than the one of NGC 1068 in g years of observations.
The corresponding Poisson p-value is 2.4% (~ 2 0).
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Due to performing multiple tests, i.e., scanning multiple signif-
icance thresholds, we need to penalize the significance of the out-
come. Since the thresholds are incremental, the tests are highly corre-
lated, which reduces the number of effectively independent tests. We
estimate the trial-corrected significance based on background-only
pseudo-experiments. The post-trial p-value is given by the fraction
of background trials returning a minimum Poisson p-value smaller
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than the observed one. In this analysis, a pre-trial p-value of 2.4%
reduces to 26.6%, as shown in Figure 8.2, indicating a trial factor of
~ 13 for testing 655 thresholds (corresponding to the total number
of hotspots with —log;, Piocal > 2.0). The result is fully compatible
with the background-only hypothesis.

From Figure 8.1, we observe an under-fluctuation compared to
the parametrized background expectation” at the 2¢ level around
—logy Plocal = 3. We have demonstrated in Subsection 7.1.4 that
a severe underestimation of the astrophysical diffuse background
would have a sizeable impact on the HPA. Therefore, it is reasonable
to test whether an extreme scenario where the diffuse astrophysical
background component does not produce any background hotspots
could explain our observation. The result is illustrated in Figure 8.3,
where the observation is compared to the background expectation
computed on simulated skymaps that do not include the astrophys-
ical diffuse flux as a background component of the point-source
analysis.® The largest deviation is found for —log, pgy = 2.04,
where we observe 621 hotspots when ~ 507 are expected. The corre-
sponding pre-trial Poisson p-value is 6 x 10~7, which translates into
4.90. Therefore, we strongly reject the hypothesis that the astrophys-
ical diffuse neutrino flux does not contribute to the total number of
hotspots with —1og; piocal > 2.0 observed in the sky map.
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8.1.1  Neutrino Emission from a Population of Standard Candles

Given the background-compatible result obtained from this analy-
sis, we can constrain the total contribution to the IceCube diffuse
flux from a population of hotspots. Specifically, we constrain the
source luminosity of a population of neutrino standard candles at
several source densities (pg) simulated using the open-source Python

7 See Section 7.1 for details about the back-
ground parametrization in the HPA.

8 We use the diffuse neutrino flux from Stet-
tner et al., “Measurement of the diffuse as-
trophysical muon-neutrino spectrum with ten
years of IceCube data”

Figure 8.3: The observed hotspot counts
are compared to a background expectation
without the astrophysical diffuse component
(see Figure 7.11). The maximum deviation
is found for the total number of hotspots in
the skymap, and we reject this background
hypothesis at 4.9 0.
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9 Tung et al., “FIRESONG: A python package
to simulate populations of extragalactic neu-
trino sources”.

" Madau and Dickinson, “Cosmic Star-
Formation History”.

" Aartsen et al., “Search for steady point-like
sources in the astrophysical muon neutrino
flux with 8 years of IceCube data”.

Figure 8.4: Upper limit on the luminosity per
source from a population of steady neutrino
standard candles based on the hotspot pop-
ulation analysis (HPA). The 90% C.L. sen-
sitivity (dashed red) and upper limits (solid
red) are plotted as a function of the local
source density. The cosmological evolution
model used is Madau and Dickinson, “Cos-
mic Star-Formation History”. The luminos-
ity corresponding to the astrophysical diffuse
neutrino flux measured by IceCube is dis-
played as a dashed black line with its 1 o and
20 uncertainties as blue bands. For com-
parison, we also show the sensitivity of the
Fast Response Analysis (FRA) (Pizzuto et
al., “Realtime follow-up of astrophysical tran-
sients with the IceCube Neutrino Observa-
tory”), which searched for neutrino emission
in the direction of IceCube’s highest energy
events (see Section 4.8), as a dotted grey
line. The two analyses show similar sensitiv-
ities to an astrophysical signal, with the HPA
being more sensitive in a scenario where
fewer, more luminous objects emerge from
the background.

package FIRESONG.9 We assume the cosmological evolution model
based on the history of star formation rates by Madau and Dick-
inson’® and allow a maximum redshift of 5. For each simulated
source density pg, the 9o% C.L. upper limit on the neutrino luminos-
ity of standard candles is defined as the luminosity corresponding
to a neutrino flux that the HPA would detect with a minimum Pois-
son p-value smaller than the observed one in 9o% of the trials. The
result is shown in Figure 8.4. We can constrain the diffuse muon
neutrino flux up to pg ~ 1072 Mpc=>. A low local source density
of 10711 Mpc~3, corresponding to approximately 100 standard can-
dles in the universe, produces at most 10% of the equivalent diffuse
neutrino luminosity observed by IceCube. Thanks to the increased
amount of data and the improved simulation strategy developed in
this work, our limit is approximately 50% more stringent than con-
straints set by the previous HPA.**

Evolution Model: Madau & Dickinson (2014)

---- Diffuse Flux, E~228

—— HPA UL 90% C.L., E-228
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===+ FRA Sensitivity 90% C.L., E72°
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The hotspot associated with NGC 1068 produces the most signifi-
cant deviation from the background-only hypothesis in the HPA. The
strength of this model-independent and discovery-oriented analysis
is that it does not rely on any specific assumption regarding the phys-
ical properties of the source population it might find. However, in
the case of a null result, the absence of underlying physics assump-
tions makes it hard to constrain specific astrophysical scenarios.

We proceed with a different strategy, and as part of the point-
source analysis presented in the next section, we test the scenario
where sources sharing similar physical properties to NGC 1068 might
constitute a population of neutrino sources.
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8.2 Search for neutrino emission in the Northern sky

Disclaimer: The results presented in this section are preliminary.
While we do not anticipate significant changes in their interpretation,
readers should be aware that future publications on this topic may
report small differences due to refinements in precision. The analysis
was designed and conducted by a team of analyzers at TUM, led by
the author of this dissertation, who was also one of the analyzers.
Aside from parts of the technical implementation of the analysis, this
author developed the selection of candidate neutrino sources among
X-ray bright Seyfert galaxies.

We present a comprehensive search for neutrino emission in the
Northern sky. All searches reported in this section are based on
the unbinned maximum likelihood method for point-source searches
detailed in Chapter 5.

After adding three more years of up-going neutrino events from
the complete detector configuration and one year of IC79 detector
data,”* we present results of several analyses searching for point-like
neutrino emissions from single sources and populations. We exam-
ine the neutrino emission from a list of gamma-ray sources as done
by previous studies,’3'™ and introduce a new list of X-ray bright
AGN as promising neutrino source candidates. We list the target
searches here briefly:

* A scan of the Northern sky (—3° < § < 81°). The goal is to
perform a point-source analysis at each point in the sky and find
the strongest deviation from the background-only hypothesis. The
sky scan procedure was described in Section 5.4. We perform
three sky scans assuming three different spectral hypotheses: one
optimizes the spectral index of an unbroken power-law neutrino
energy spectrum for maximum likelihood, while the other two fix
the power-law index to 2.0 and 2.5, respectively. The final result is
the hottest spot out of the three sky scans.

* A catalog search on a list of 110 gamma-ray sources. Consistently
with previous work,'> we search each source individually for neu-
trino emission, assuming an unbroken power-law spectrum with a
floating spectral index. We discuss the source with the highest sig-
nificance. This test allows us to re-evaluate the neutrino emission
from NGC 1068, with 50% more data.

A binomial population study.’® on the list of 110 gamma-ray
sources Once again, we test the three spectral hypotheses of the
sky scans and report the best result.

* A catalog search on a new list of 47 X-ray bright, non-blazar
AGN, introduced for the first time in this work. The detection
of astrophysical neutrinos from NGC 1068 inspires the selection.
In addition to the unbroken power-law hypothesis, we investigate
the possibility that the X-ray bright corona of AGN is a neutrino

2 The dataset has been described in Sec-
tion 4.4 and Section 4.7.

'3 Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.
4 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

' Ibid.

'® This statistical analysis method has been
described in Section 7.2.
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7 See Chapter 3 for a discussion on the X-
ray corona as the neutrino source in NGC
1068.

'8 Kheirandish, Murase, and Kimura, “High-
energy Neutrinos from Magnetized Coro-
nae of Active Galactic Nuclei and Prospects
for Identification of Seyfert Galaxies and
Quasars in Neutrino Telescopes”.

Figure 8.5: Hammer-Aitoff projection of
the sky map from the maximum likelihood
search for neutrino point-like sources in the
Northern sky. The spectral index of the
power-law energy spectrum is a free param-
eter in the likelihood-ratio test. The color
scale indicates the negative logarithm of the
local p-value (—1og;, Plocal) at €ach point.
Darker colors represent stronger deviations
from the background-only assumption. The
black circle marks the location of NGC 1068,
spatially consistent with the most significant
spot found.
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Figure 8.6: Zoomed-in sky scan around the
most significant location in the Northern sky,
marked by a white cross. A red dot marks
the position of NGC 1068, with the red circle
representing the optical size of the galaxy
hosting the AGN. The 68% and 95% con-
fidence regions are outlined in white. The
color scale corresponds to that of Figure 8.5.

source'” by testing the disc-corona model presented by two phe-
nomenological studies.”® We then report on the source with the
highest significance. As the power-law assumption yielded the
best results for this analysis, we limit the discussion to this spec-
tral model.

* A binomial population study on the list of 47 X-ray bright AGN.
The unbroken power-law and the disc-corona emission models are
tested. Once again, only results based on the power-law assump-
tion, which yields the most significant outcome, are discussed.

Even though results are reported for the power-law spectral as-
sumption only, trial correction factors calculated in the following al-
ways correctly penalize the significance of the experimental results
for having tested multiple spectral hypotheses.

8.2.1  The hottest spot in the Northern sky
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Right Ascension

oee——
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Scanning the sky, we find that the most significant spot is in the
sky map with floating spectral index -. It is spatially consistent with
the nearby Seyfert 2 galaxy NGC 1068 (see Chapter 3), highlighted in
Figure 8.5. The two likelihood maps calculated with fixed power-law
spectral indices can be found in Appendix C.5. A more detailed scan
of the most significant spot in the sky is shown in Figure 8.6. The
confidence region for the hotspot localization is obtained from Monte
Carlo (MC) re-simulations of the best-fit flux at the location of NGC
1068, assuming it is the hotspot source. The distance between the
galaxy and the best-fit location from the scan is 0.04°. The hotspot
parameters are summarized in Table 8.1, along with the results from
the sky scans with fixed spectral indices.

The result of this search is the hotspot with the minimum p-value
out of the three scans. However, to identify the smallest p-value
correctly, we must correct each of the three hottest spots for hav-
ing tested ~ 400,000 locations as potential neutrino sources. The
correction factor is estimated directly from simulations to account
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for the statistical correlation among nearby pixels. For each spec-
tral hypothesis, we simulated 2000 pseudo-experiments under the
background-only hypothesis. From each background sky map, we
selected the smallest p-value. We then compared the distribution of
these 2000 p-values produced by background-only fluctuations with
the experimental observation to determine the post-trial significance
of the hottest spot of each sky map. We find that the floating v hy-
pothesis has the smallest post-trial p-value of 7.6% (1.4 ), implying
a large trial factor of approximately 294,000, as expected for this type

of search.
Spectral R.A. Dec. fls % Local
hypothesis significance
Floating v  40.69°  0.02° 1026 3.4 5.00
v=2.0 77.01° 12.98° 168 - 4.90
=25 161.48° 27.32° 343 - 4.50

The sky scan is a powerful tool to identify the strongest over-
fluctuations in the sky without including any prior knowledge about
specific candidate neutrino sources. However, it comes with a very
large trial factor that will inevitably suppress the statistical signifi-
cance of potentially interesting findings. An alternative strategy to
reduce the number of trials is to define an independent analysis that
tests a shorter list of candidate sources selected a priori. In the con-
text of this work, we searched for neutrino emission from two pre-
defined lists of objects. The selection criteria and the results of these
searches are summarized in the following subsections.

8.2.2 NGC 1068 and the list of gamma-ray emitters

The first list of candidate neutrino sources has been previously em-
ployed in several IceCube works."92%21 Tt consists of 110 known
gamma-ray sources, whose selection is motivated by the possible
connection between the gamma-ray and neutrino luminosities of cos-
mic accelerators (see Section 2.2). The number of 110 candidates ad-
dresses the trial factor, as a 50 pre-trial detection becomes 4 ¢ after
accounting for 110 tests. The catalog construction involves weight-
ing the integrated gamma-ray flux above 1 GeV of all 4FGL sources
in the declination range —3° < ¢ < 81° with the IceCube sensitiv-
ity at the source declination. The top 5% BL Lacs and FSRQs from
this ranking are then added, along with all six starburst galaxies
at allowed declinations, which are predicted to emit neutrinos via
proton-proton interaction.?* One Galactic source, MGRO J1908+06,
is also included, as its expected neutrino emission assuming ¢~ o ¢
is compatible with the differential sensitivity in Figure 5.11.

The same search detailed here was done on g years of up-going
track-like events and found that NGC 1068 was the hottest source in
this list. The hypothesis of a background-only origin of the observed
data was rejected at 4.2 023. With 13 years of data, we searched again

Table 8.1: Coordinates (R.A. and Dec.),
best-fit flux parameters (7is and ), and lo-
cal significance of the hottest spots in the
sky scans obtained under three spectral hy-
potheses.

'® Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

20 Abbasi et al., “Search for Multi-flare Neu-
trino Emissions in 10 yr of IceCube Data
from a Catalog of Sources”.

2! Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

2 Murase, Ahlers, and Lacki, “Testing the
hadronuclear origin of PeV neutrinos ob-
served with IceCube”.

2 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”
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Figure 8.7: The distribution of the TS un-
der the background-only hypothesis at the
declination of NGC 1068 (§ = —0.01°) is
shown as a blue histogram. It is compared to
the interpolated parametrization of the back-
ground TS distribution used to produce the
sky scan (dashed grey line). The experimen-
tal TS value is marked as a dotted red line.
24 Casella and Berger, “Statistical Inference”,
p. 229.

Figure 8.8: Left: 2D profile likelihood for
the flux parameters of NGC 1068. the
color scale corresponds to the difference
—2(log A —log A™®), where A is the
likelihood-ratio evaluated at each pair of flux
parameters and A™@ is the likelihood-ratio
at the best-fit flux parameters. The cross in-
dicates the best-fit values, while the white
contours show the 68% (solid) and 95%
(dashed) confidence levels, derived from
Wilk's theorem assuming two degrees of
freedom. Right: Comparison between var-
ious measurements of the neutrino flux of
NGC 1068 performed in different IceCube
analyses: Aartsen et al. PRL 124, 2020 in
red, IceCube Coll. Science 378.6619, 2022
in yellow, and this work in blue. All confi-
dence levels include statistical uncertainties
only.

2 See Subsection 4.7.3.

and found NGC 1068 to still be the most significant object in the
catalog. The result is not surprising, as it is also spatially consistent
with the hottest spot from the sky scan.

Its pre-trial p-value is 2.6 x 1077, translating into a local signifi-
cance of 5.00 in Gaussian-equivalent standard deviations. The back-
ground TS distribution at the declination of NGC 1068 is shown in
Figure 8.7, alongside the experimental TS value of 27.2. For indepen-
dent trials, the binomial probability of observing at least one trial
with a p-value smaller than the observed one under the background-
only hypothesis is analytically defined as*+

Ppost =1 — (1—- Plocal)N- (8.1)

With N = 110, Equation 8.1 leads to a post-trial (global) p-value of
2.8 x 1072, corresponding to a significance of 4.00.

The best-fit neutrino flux and its statistical uncertainty are visual-
ized as a 2D likelihood scan in the flux parameters—the flux normal-

ization at 1 TeV ¢V _ and the spectral index y—in the left panel

VutVy
of Figure 8.8.
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The 68% and 95% statistical uncertainties are estimated using Wilks’
theorem after ensuring its validity on MC simulations (see Appendix
C.6). The best-fit flux parameters are 7i; = 102+25 and § = 3.440.2,
where the 1 ¢ statistical uncertainties on each parameter are obtained
from the one-dimensional profile likelihood. The mean number of
signal events fis can be converted into a flux normalization via the
event rate equation

ns =T /O dEVAeff(EVr Jsrc) X gb"u""\_’u(EV)’ (8-2)

where T is the exposure time, ¢, +v, (Ev) = qb},fivvu x (Ev/1TeV)™ 7,

and Aeg(Ev, dsrc) is the IceCube’s effective area®> for detecting neu-
trinos with energy E., from the source declination .
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The best-fit flux normalization at 1 TeV with its statistical uncer-
tainty is then (/J},Eivvu = 4.71‘%:; x 10711 TeV"1em =251, The impact
of systematic uncertainties on the ice structure, the optical module
efficiency, and mis-modeling of the astrophysical background com-
ponent are negligible in this analysis, as discussed in Section 5.3 and
Appendix C.4. Considering statistical uncertainties, the source’s flux
is unchanged compared to previous measurements: The 10 likeli-
hood confidence regions shown in the right panel of Figure 8.8 are
consistent with each other. However, the spectral index of the power-
law slightly softens in the latest measurement, moving from 3.2 to
3.4. The softening of the spectrum is caused by the relatively low re-
constructed energies of the newly detected signal-like events, mostly
with E,, between 100 GeV and 3 TeV.

The distribution of the experimental data in squared angular dis-
tance and reconstructed muon energy is shown in Figure 8.9. In
both observables, an excess over the background only expectation
is visible. Most of the signal excess is at reconstructed muon ener-
gies smaller than 1 TeV. It is important to stress that a binned like-
lihood analysis (or a goodness-of-fit test) on these histograms will
not produce the same result as obtained from the unbinned likeli-
hood approach used in this work. There are two main reasons for
this: 1. None of the shown distributions includes information about
the quality of the angular reconstruction,?® and 2. The likelihood
approach implements the joint spatial and energy distribution of the

events.
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To extract the sensitive neutrino energy range of this spectral mea-
surement, we construct a mapping of the reconstructed energy of
the muons contributing to the excess into the corresponding prob-
able parent neutrino energy. This mapping was done by selecting
simulated neutrino events in a declination band of £2° around the
source’s declination with reconstructed properties similar to those of
the detected muons.?” Each simulated event is weighted by the TS of
the corresponding detected event, and the 68% (95%) central quantile

% The oppr variable described in Subsec-
tion 4.5.2.

Figure 8.9: The angular distance squared
(left) and energy distribution (right) of the ex-
perimental data (black dots) around the lo-
cation of NGC 1068 are shown. MC re-
simulations of the best-fit flux (blue) and the
background (yellow) are summed (grey) and
compared to the experimental data distribu-
tion.
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Figure 8.10: The v, + Vv, spectrum of NGC
1068 is shown as measured in the 9-yr anal-
ysis (yellow) and this work, using 13 years of
data (blue). The solid contours indicate the
68% C.L. flux in the 68% C.L energy range.
The dashed contours are for the 95% C.L.
flux and energy uncertainties.

27 We selected simulated events with recon-
structed energy and angular uncertainty dif-
fering from the detected ones by 10% at
maximum.
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28 Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068”.

29 See Section 3.1.

30 Abbasi et al., “A Time-Variability Test for
Candidate Neutrino Sources Observed with
IceCube”

Figure 8.11: Profile likelihood scan around
the location of NGC 1068. These fig-
ures are similar to Figure 8.6, but the
color scale corresponds to the difference
—2(log A —log A™@), where A is the
likelihood-ratio evaluated at each location in
the sky and A™@ is the likelihood-ratio at
the hottest spot. Left: The result of Aartsen
et al. PRL 124, 2020; Center: The result
of IceCube Coll. Science 378.6619, 2022;
Right: The result of this work from the anal-
ysis of 13 years of data. Note that the cen-
tral and left panels use the same concept of
an MC-based likelihood, but this work com-
bines two IceCube detector configurations,
IC79 and IC86 (see Section 4.7 for details).

of the obtained neutrino energy distribution gives the estimated 10
(20) energy range. The sensitive energy intervals are [0.3, 2.8] TeV
at 68% C.L. and [0.2, 20.6] TeV at 95% C.L.. They are slightly shifted
compared to the energy ranges obtained by the previous analysis,?
[1.5, 15] TeV at 68% C.L. and [0.6, 24.8] TeV at 95% C.L.. However,
the two measurements remain compatible, as visible in Figure 8.10.

Assuming all three neutrino flavors contribute equally, as expected
for neutrino oscillations over cosmic distances, the total flux is given
by our measured muon-neutrino flux multiplied by 3. With a source
luminosity distance of 10.1 Mpc,? and assuming isotropic neutrino
emission, the equivalent neutrino luminosity is L = 10431201 erg/s
in [0.3, 2.8] TeV, where the uncertainty is statistical only.

This analysis cannot rule out the possibility that the shift of the
neutrino flux to softer spectra is due to a time-variable spectrum.
Dedicated time-dependent analyses3® will settle the matter in the
future. Statistical fluctuations and/or time variability could also ex-
plain the slight decrease in the significance of the neutrino emission
from NGC 1068 compared to previous work. Another possibility is
that the power-law spectrum assumed in this work does not accu-
rately describe the true spectral shape of the neutrino emission in
the observed energy range. Therefore, a more accurate spectral char-
acterization, particularly below 100 GeV, should be a primary focus
of future measurements.
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As a final remark on the new measurement of the neutrino signal
from NGC 1068, it is worth noting that the localization of the signal
has also improved over repeated measurements. This is visualized in
Figure 8.11, where the most significant neutrino emission shifts to-
ward the source location thanks to improved detector calibration and
analysis methods (left panel to central panel) and increased statistics
(central panel to right panel).

NGC 1068 is the most significant source in the list of gamma-ray
sources. What about the remaining 109? We performed a binomial
test to study the distribution of the local p-values obtained at the
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location of each source. In this case, we tested three unbroken power-
law spectra again: one with a floating spectral index and two with
fixed spectral indices of 2.0 and 2.5.

For each list of N = 110, we compute the binomial p-value (here-
after indicated as ppinom to avoid confusion) of observing k out of
110 sources with pjoeq < p{‘o a1 (s€e Section 7.2). From each scan, we
select the minimum ppinem and correct it for having tested 110 local
p-values as significance thresholds. Finally, the minimum pp;nom out
of the three must be penalized for testing three spectral shapes for
the neutrino emission. We find that the minimum pp;nom occurred
under the floating spectral index hypothesis for 3 sources out of 110,
contributing to a 3.00 excess: NGC 1068, TXS 05064056, and PKS
1424+240. The result is visualized in Figure 8.12, where the lower
panel shows ppinom When looking at one, two, three, ..., N objects in
the list, sorted by increasing pjocal-

/ /
e NGC 1068 e
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PKS 14244240 e  Observation
T 10-t Je + « Max deviation
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The same three objects contributed to the most significant excess
in the previous search.3" Coherently with the expectation, the statis-
tical significance decreases from 3.40 to 3.00. The last source con-
tributing to the excess is TXS 0506+056, a blazar from which one
neutrino flare and one single high energy event were detected.3?-33
Our time-integrated analysis of this object will inevitably detect its
emission with lower significance as the accumulated background in-
creases with exposure. Hence, as long as TXS 0506056 drives it,
the significance of the binomial excess will decrease over time. No
new objects from this list of gamma-ray sources seem to contribute
to a population signal, most likely pointing to a gamma ray-neutrino
connection being less trivial than a simple linear correlation.

8.2.3 Neutrinos from X-ray bright Seyfert galaxies

Currently, only three neutrino source candidates have been detected
by IceCube with some statistical confidence (2 3 ¢). They have strik-
ingly different natures: our own non-active galaxy, the Milky Way;
the flaring blazar TXS 0506+056; and the non-jetted AGN NGC 1068.
The two extragalactic objects produce a small part (~ 1%) of the total

Figure 8.12: Binomial excess from the list of
110 gamma-ray sources, sorted by increas-
iNg Plocal- Upper panel: pjocq threshold
for the test as a function of the number of
sources tested. The dashed black line indi-
cates the mean background expectation esti-
mated from MC simulations, with Poissonian
uncertainties (10, 20, 30) as blue bands.
Lower panel: ppiom for each subset of
sources considered in the scan. A red dotted
line indicates the maximum deviation from
the background. The three objects contribut-
ing to the binomial excess are highlighted.

3! Abbasi et al., “Evidence for neutrino emis-
sion from the nearby active galaxy NGC
1068".

32 |ceCube Collaboration et al., “Neutrino
emission from the direction of the blazar TXS
0506+056 prior to the IceCube-170922A
alert”.

% JceCube Collaboration et al., “Multimes-
senger observations of a flaring blazar co-
incident with high-energy neutrino IceCube-
170922A".
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34 Acciari et al., “Constraints on Gamma-Ray
and Neutrino Emission from NGC 1068 with
the MAGIC Telescopes”.

35 Willox and HAWC Collaboration, “HAWC
Follow-up on IceCube evidence from NGC
1068".

36 Ajello et al., “The Fourth Catalog of Active
Galactic Nuclei Detected by the Fermi Large
Area Telescope: Data Release 3”.

3" Murase, Guetta, and Ahlers, “Hidden
Cosmic-Ray Accelerators as an Origin of
TeV-PeV Cosmic Neutrinos”.

% Goswami, “Search for high-energy neu-
trino emission from hard X-ray AGN with
IceCube”

3 Glauch et al., “Searching for High-Energy
Neutrino Emission from Seyfert Galaxies in
the Northern Sky with IceCube”

0 Ibid.

4 https://www.bass-survey.com/index.html.

“2 Ricci et al., “BAT AGN Spectroscopic Sur-
vey. V. X-Ray Properties of the Swift/BAT 70-
month AGN Catalog”.

“30h et al., “The 105-Month Swift-BAT All-
sky Hard X-Ray Survey”.

44 As the X-ray flux of the sources is not given
in this updated catalog version, we could not
use it for the selection.

diffuse astrophysical neutrino flux. Whether they belong to a popu-
lation of sources that share similar astronomical features and could
explain a larger fraction of the diffuse neutrino emission remains an
open question.

Here, we test the hypothesis that AGN sharing characteristics sim-
ilar to the Seyfert 2 NGC 1068 may be a population of neutrino
sources. As discussed in Chapter 3, observational and theoretical
considerations restrict the likely origin of the neutrinos from NGC
1068 to the region close to its accretion disc around the SMBH. Let
us briefly summarize again the key points leading to this conclusion:

* No other possible source within the galaxy/AGN can reach the
measured neutrino power, except for the disc-corona system;

* No accompanying gamma rays have been detected at the neu-
trino energies (TeV) by MAGIC34 and HAWC,35 and the GeV pho-
ton flux is approximately two orders of magnitude lower than the
neutrino one;3°

* The AGN corona can naturally provide the necessary UV photon
targets for neutrino production and the X-ray photons to reprocess
the TeV radiation to MeV energies;

¢ The existence of “gamma-ray hidden” neutrino sources could nat-
urally explain the O(10) TeV diffuse neutrino flux observed by
IceCube37 without violating the Fermi-LAT GeV gamma-ray back-
ground (see Subsection 2.2.2).

Therefore, we investigate the possibility that the X-ray bright corona
of AGN is a neutrino source by using X-rays as tracers of neutrino
production. Leveraging invaluable scientific connections with ex-
perts in the X-ray and astronomy fields, we produce a new selection
of bright X-ray sources and search them individually for point-like
neutrino emission. Additionally, we investigate the collective signal
contribution of the selected sources employing the binomial analysis
method, as shown previously for the list of gamma-ray emitters.

Selection criteria

Indications of compelling deviations from the background have
been reported for two other X-ray bright, non-blazar, AGN by IceCube:
NGC 4151 (2.90)38 and CGCG 420—015 (2.30)39. Moreover, NGC
4151 and CGCG 420—o015 out of a list of 27 X-ray bright Seyfert galax-
ies contributed to a binomial excess of 2.7 ¢.4° Following these hints,
we select a list of X-ray bright Seyfert galaxies with updated criteria.

We use the BAT Spectroscopic Survey (BASS)*' Swift/BAT 7o0-
month catalog,** an all-sky survey of AGN detected in the 14-195 keV
band. Out of the 838 AGN it comprises, we select sources in the dec-
lination range, —3° < J < 81°, classified as Seyfert galaxies in the
more recent Swift/BAT 105-month catalog.43'44 Assuming a linear
correlation between the neutrino and the X-ray fluxes and consid-
ering the sensitivity improvement of the current analysis over the
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previous version based on g years of data,*> this analysis will be sen-
sitive to neutrinos produced by any source with at least 20% of the
X-ray flux of NGC 1068. Hence, we select all sources with at least
20% of the X-ray flux (Fx) of NGC 1068.

We select the objects with the highest Fx corrected for the absorp-
tion in matter surrounding the accreting system along the line of
sight. This absorption is typically parametrized by the neutral hy-
drogen column density (Ny, see Chapter 3). This so-called intrinsic
X-ray flux (FI¥) is provided in the BASS catalog.
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Specifically, we choose to use the hard X-ray component of the
spectrum in the 20 to 50 keV band: While harder radiation has
higher penetration power through obscuring material, as shown in
Figure 8.13, we want to ensure robustness to a possible bias against
objects with an early thermal turnover in the X-ray spectrum. This
cutoff, typically observed between 100 and 300 keV, is related to the
maximum energy that thermal electrons in the corona can impart to
the UV disc photons through inverse Compton scattering. As dis-
cussed in Subsection 2.3.3, when the photons’ energy approaches the
thermal energy of the electrons, the Compton scattering is balanced
by pair-production processes. Hence, the cutoff should appear where
the thermalization of the photons to the electron temperature occurs.
For some AGN, an early cutoff below 100 keV has been observed,
indicating a lower temperature corona4®. In Section 3.2, we have dis-
cussed that a ~ 1 — 10 TeV neutrino flux, as observed from NGC
1068, implies parent proton energies of ~ 25 — 250 TeV. The photon
energy threshold for pion production with these protons lies in the
soft X-ray spectrum. Therefore, a selection of neutrino source can-
didates among X-ray emitters should not be penalized by the cutoff
of the hard X-ray spectrum. We deem a maximum X-ray energy of
50 keV to be a safe choice in this perspective, as it has been shown
that less than 10% of AGN are expected to have a cutoff below 50
keV47.

Finally, Figure 8.14 demonstrates that the intrinsic 20 — 50 keV X-
ray flux is linearly correlated to the 14 — 195 keV flux, thus proving
that the estimation of FI? is robust against uncertainties in the mod-
eling of absorption, also in this smaller energy range.

4 See Subsection 5.3.2

Figure 8.13: Correlation between the ob-
served and intrinsic X-ray fluxes of North-
ern Seyfert galaxies with different obscura-
tion levels (log Ny, color scale) in the BASS
catalog. Absorption strongly affects the cor-
relation for softer X-ray fluxes (left). The
conversion from observed to intrinsic flux re-
lies on models of the torus surrounding the
SMBH, which suffer from large uncertainties
(see Ricci et al., “BAT AGN Spectroscopic
Survey. V. X-Ray Properties of the Swift/-
BAT 70-month AGN Catalog”). In contrast,
the higher penetration power of X-ray fluxes
above 10 keV makes the absorption negligi-
ble up to log Ny ~ 23.5 (right).

46 Fabian, Lohfink, Belmont, et al., “Proper-
ties of AGN coronae in the NuSTAR era -
Il. Hybrid plasma” addressed this issue by
proposing a hybrid corona, containing a mix-
ture of thermal and non-thermal particles.
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Figure 8.14: Linear correlation between the
20 — 50 keV and the 14 — 195 keV X-ray
fluxes. Both fluxes similarly robust against
absorption in the surroundings of the AGN;
see Figure 8.13. Note that the BASS cata-
log does not report an observed (absorbed)
20 — 50 keV flux.
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8 Seyfert, “Nuclear Emission in Spiral Nebu-
lae.”

4 Baade and Minkowski, “On the Identifica-
tion of Radio Sources.”

50 As we will see later in this chapter, the re-
cent claim of the discovery of neutrino emis-
sion from blazars (Buson et al., “Erratum:
“Beginning a Journey Across the Universe:
The Discovery of Extragalactic Neutrino Fac-
tories” (2022, ApJL, 933, L43)”) is severely
questioned by our results presented in Sec-
tion 8.3.
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Figure 8.15: Distribution of the TS under the
background-only hypothesis at the declina-
tion of NGC 7469 (6 = 8.87°) in blue. The
dashed grey line displays the interpolated
parametrization of the background TS distri-
bution used to produce the sky scan. The
experimental TS value is marked as a dotted
red line.

5! We use Equation 8.1 to correct for 47 inde-
pendent tests within a single spectral hypoth-
esis. However, the total trial factor, includ-
ing the penalty for testing two spectra, is es-
timated directly from MC simulations under
the background-only hypothesis to account
for correlations.

52 Glauch et al., “Searching for High-Energy
Neutrino Emission from Seyfert Galaxies in
the Northern Sky with IceCube”.

%3 Goswami, “Search for high-energy neu-
trino emission from hard X-ray AGN with
IceCube”.

The selection retains 47 Seyfert galaxies, excluding NGC 1068. Of
these, 23 show narrow emission lines only, indicating high optical
obscuration of the broad-line region. Therefore, they are classified as
Seyfert 2 (or 1.9) in the BASS catalog. The remaining 25, with less
obscured optical spectra, are classified as Seyfert 1 (or Seyfert 1.2 or
Seyfert 1.5). For further details on the properties of Seyfert galax-
ies, see Chapter 3. It is noteworthy that ~ 10 radio galaxies survive
the selection cuts. Although Seyfert galaxies are usually known to
be radio-quiet, this property is not intrinsic to the nature of these
objects. Rather, it is due to the weakness of the IR/optical emission
compared to the radio emission from a jet or its lobes. For relatively
nearby (z < 0.1) jetted AGN that are not blazars (their jet is not
pointing directly toward us), the IR/optical emission may still be de-
tected. In fact, similarities between the spectra of galaxies identified
by Karl Seyfert#® and, e.g., the well-known radio source Cygnus A
(present in our list), were observed as early as 195449. In summary,
our selection criteria effectively retain nearby X-ray bright sources,
which, although possibly jetted, are not blazars. It should also be
noted that no significant neutrino emission has been yet associated
with blazars aside TXS 05064056, and the role of the jet in connection
to high-energy neutrino emission remains unclear.>®

Hard neutrino emission from NGC 7469 and excess from the population

First, we search for the source with the strongest neutrino emis-
sion in the list. The Seyfert 1 NGC 7469, at redshift 0.016, shows
the most prominent deviation from the background when testing the
unbroken single power-law emission. Its TS distribution under the
null hypothesis is shown in Figure 8.15. The local significance is 3.7 0
(Plocal = 9-8 x 107°), which, after accounting for all the hypotheses
tested, translates into a trial-corrected significance of 2.4 0>

The best-fit spectral parameters are 4)}2?1\-,“ = 2.0ﬂ:g x 10713
TeV1em—2s71 and v = 1.9f8:§, where the uncertainties have been
estimated from the one-dimensional profile likelihood. The second
and third sources with the smallest local significances are NGC 4151
(3.10) and CGCG 420—015 (2.70), the two Seyferts for which neu-
trino emission with global significance between 2 ¢ and 3 ¢ was pre-
viously reported.5*53 The best-fit flux parameters and local signifi-
cance for the entire list of sources can be found in Appendix C.7. The
two-dimensional likelihood scans for the flux parameters of NGC
7469, NGC 4151, and CGCG 420—015 are shown in Figure 8.16, to-
gether with the one of NGC 1068.

The hard neutrino spectrum of NGC 7469 strikingly differs from
the softer ones of NGC 1068 (v = 3.4), NGC 4151 (y = 2.7), and
CGCG 420—015 (v = 2.7). By looking at the scan around its location
in Figure 8.17, we notice not only that the hotspot is very well local-
ized but also that two high-energy neutrino events (alerts, see Sec-
tion 4.8)—IC220424A and IC230416A—included in the data sample
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used for the analysis are very close to the source. Upon further in-
vestigation, we found that these two events drive the TS completely:
When they are removed from the data sample, the significance of the
emission from NGC 7469 vanishes.

—2x Alog A

0 2 4 6 8 10 12 14 16

| | | | 1 1 1 1

Spectral Index Spectral Index ~y

In Figure 8.18, the dependence on single events of the TS at the
location of NGC 7469 is compared to the one at NGC 1068. A soft
signal in the TeV energy range, like the one from NGC 1068, needs a
large clustering of events for the analysis to be sensitive to it, which
makes the TS quite robust against the contribution of each event.
Conversely, 100 TeV-1 PeV events have a much higher probability of
being astrophysical as it is unlikely to detect atmospheric neutrinos
at those energies. Hence, the detection of O(1) event with energy
2 100 TeV tends to result in a significant detection. On the other
hand, the likelihood-ratio test ultimately relies on one (or few) signal
events, and the measured neutrino flux normalization suffers from a
large relative uncertainty.

As a final remark, as all events in the neutrino sample used for
this analysis, the two alert events are also reconstructed using the
SplineMPE algorithm (see Section 4.4). GCN notices>* issued by
IceCube apply this angular reconstruction as well (although with
different settings, see Section 4.8). The chance coincidence proba-
bility for the two alert events to be associated with NGC 7469 has
been recently studied in a work external to the IceCube Collabora-
tion.5> Although this is an a posteriori evaluation triggered by the
observation of these two high-energy events, their analysis excludes
the chance coincidence at the 3.3 0 level. Additionally, they conclude
that the non-detection of a TeV excess from this source in previous
IceCube works implies that the spectral index of a power-law en-
ergy spectrum has to be hard. Our result confirms the indication
of high-energy neutrino emission from NGC 7469, compatible with
hard spectral emission, via an independent and completely blind
analysis.
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Figure 8.16: 2D profile likelihoods for the flux
parameters of the four X-ray bright Seyfert
galaxies showing the smallest local p-values
when searched for point-like neutrino emis-
sion individually. The scan of NGC 1068 is
the same of Figure 8.8, however the flux nor-
malization ¢} " is reported in units of
10712 TeV-1em=2s1, asitis for the other
sources.
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Figure 8.17: Zoomed-in sky scan around the
location of NGC 7469. As in Figure 8.6, we
highlight the source location and the best-
fit position and confidence regions for the
neutrino emission. Additionally, the posi-
tions of two alert events are marked as cyan
crosses.

54 https://gcn.nasa.gov/notices

% Sommani, Franckowiak, et al., “Two 100
TeV neutrinos coincident with the Seyfert
galaxy NGC 7469”.
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Figure 8.18: TS dependence on the sin-
gle events contributing to the maximum
likelihood-ratio for (lefty NGC 1068 and
(right) NGC 7469. The x-axis shows the
number of events, sorted by decreasing con-
tribution to the TS, subsequently removed
from the data sample. The y-axis reports the
corresponding experimental TS value.

Figure 8.19: Binomial excess from the list of
47 X-ray Seyfert galaxies, sorted by increas-
iNg Plocal- Upper panel: pjoqq threshold
for the test as a function of the number of
sources tested. The dashed black line indi-
cates the mean background expectation esti-
mated from MC simulations, with Poissonian
uncertainties (10, 20, 30) as blue bands.
Lower panel: ppinom for each subset of
sources considered in the scan. A red dotted
line indicates the maximum deviation from
the background. 11 sources contribute to the
binomial excess. NGC 1068 is marked here
as source zero, as it does not participate in
the test but is part of the population.
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The binomial test is the second and last test performed on the 47
X-ray bright, non-blazar AGN list. Once again, two emission models
have been tested, but as the unbroken power-law spectrum results in
the highest significance, we report only on that result.

The minimum ppinom Of 1.7 X 1075 (4.20) is found for k = 11
sources out of 47. Figure 8.19 visualizes the excess in the same way
as Figure 8.12. However, the excess remains firmly above the back-
ground expectation source after source for more than half of the list.
Conversely, the binomial excess seen in the list of gamma-ray sources
aligns with the background expectation as soon as we look at more
than three sources. Notably, the second most significant point from
the scan is found for k = 27 sources with a pp;nom almost identical to
the minimum.

/ /
NGC 1068 (excluded) e
10-6 4 = = Bkg Expectation
~ e Observation
§ === Max deviation
Q
‘000000000000000.----
€
2
e
Q

22 33 47

N Sources

After accounting for all trial factors (scan of 47 thresholds and test
of two spectral shapes), the significance lowers to pgior:z o = 95X 1074,
corresponding to 3.30. Therefore, we have found evidence for neu-
trino emission from a population of X-ray bright, non-blazar AGN.
NGC 1068 is not included in the test to have an unbiased and blind
statistical significance for the observation. However, it belongs to the

same class of sources, and for the sake of completeness, we report the
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pre-trial significance of the binomial test when including it. We find
a 4.50 excess (pre-trial) from the same 11 sources plus NGC 1068.
The trend of ppinom modified by the addition of NGC 1068 is shown
in Figure 8.20. Interestingly, adding such a significant object to the
list does not change the conclusion: A large fraction of the selected
sources produce p-values in the point-source analysis smaller than
expected from background-only.

From MC simulations of the background-only hypothesis, we es-
timate that, on average, this analysis would detect ~ 5 sources out of
47 with a minimum pjgeq < 5%.5° As mentioned in Section 7.2,
the population test performed here does not distinguish between
sources boosted by background fluctuations and p-values produced
by astrophysical signals. However, we do gain an indication that
this population of hard X-ray bright, non-blazar AGN shows a 3.3 ¢
incompatibility with the background-only hypothesis.

Table 8.2 reports the result of the point-source analysis on the 12
sources contributing to the excess in the binomial test. The full table
including all 48 sources can be found in Appendix C.7.

— — Bkg Expectation
Observation
------ Max deviation

NGC 1068 (included)

Piocal

Pbinom

0 12 24 36 48
N Sources

Figure 8.20: Everything here is as in Fig-
ure 8.19, except that NGC 1068 is now in-
cluded in the binomial test. The maximum
deviation from the background is then found
for 12 sources out of 48, and the population
contributing to the excess does not change.
% The best-fit significance threshold found
by the binomial test.

Source Name R.A. (deg) Dec. (deg) z log Ny Fbtr ey i 4 TS Plocal
(x10™Merg~lem~2s71)

NGC 1068 40.67 -0.01 0.003 25.00 7.72 1022 3.4 271 22x1077 (5.00)
NGC 7469 345.82 8.87 0.016  20.53 2.69 5.5 1.9 155 9.8x107°(3.70)
NGC 4151 182.64 39.41 0.003 22.71 18.09 276 27 108 11x107%(3.10)
CGCG 420—015 73.36 4.06 0.029 24.08 1.77 353 27 84 3.6x1073(270)
Cygnus A 299.87 40.73 0.056 23.38 493 3.4 1.6 74 65x107% (2.50)
LEDA 166445 42.68 54.70 0.015 24.01 1.61 57.1 4.4 52 0.02 (2.10)
NGC 4992 197.27 11.63 0.025 23.69 2.34 273 29 5.0 0.02 (2.00)
NGC 1194 45.95 -1.10 0.014 24.18 3.87 432 4.4 4.1 0.03 (1.80)
Mrk 1498 247.02 51.78 0.055 23.23 1.86 399 36 37 0.04 (1.70)
MCG+4—48-2 307.15 25.73 0.014 23.86 4.32 367 32 4.1 0.04 (1.70)
NGC 3079 150.49 55.68 0.004 24.56 3.33 33.8 36 33 0.05 (1.70)
Mrk 417 162.38 22.96 0.033 23.90 1.73 4.4 1.9 3.5 0.05 (1.6 0)

8.2.4 Implications for the diffuse neutrino background

The best-fit neutrino fluxes with the 10 uncertainties (in units of
TeV~lcm~2s71) for the top four sources in the list of gamma-ray
emitters are summarized here:

* NGC 1068:
PIEY = 4'7ﬂé x107" and 4 =34+0.2

Vutvyu

¢ NGC 7469:

Py, =207 x 107 and 4 = 1.9743

¢ NGC g4151:

Py, = 60755 x 1072 and § = 27742

¢ CGCG g20—015:
1TeV 871‘82 x10712and 4 =2.74+0.3

Vut+vVu
The 10 statistical uncertainties on each parameter are estimated ac-

cording to Wilks’ theorem.

Table 8.2: Coordinates (R.A. and Dec.), red-
shift (z), logarithm of the hydrogen column
density (in cm™2), intrinsic X-ray flux used
for the selection, best-fit flux parameters (715
and ), TS value, and local significance of
the top 11 (12 including NGC 1068) sources
out of 47 (48) contributing to the binomial ex-
cess in Figure 8.19 (Figure 8.20).
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57 Peretti et al., “Gamma-ray emission from
the Seyfert galaxy NGC 4151 and multimes-
senger implications for ultra-fast outflows”.
%8 Ultrafast outflow, see Subsection 2.3.3.

5 Tombesi et al., “Evidence for ultra-fast out-
flows in radio-quiet AGNs. |. Detection and
statistical incidence of Fe K-shell absorption
lines”.

Figure 8.21: Multimessenger SED of NGC
1068 (top) and NGC 7469 (bottom). High-
lighted are the various energy bands for dif-
ferent electromagnetic emissions. The all-
flavor neutrino flux is obtained by multiplying
the best-fit muon-neutrino flux by a factor of
3. The neutrino spectrum is shown as the
68% C.L. flux contour in the 95% C.L. energy
range. The multiwavelength electromagnetic
data are from https://tools.ssdc.asi.it/SED/,
accessed May 17, 2024.

The multimessenger SEDs of NGC 1068, NGC 7469, NGC 4151,
and CGCG 420—015 are shown in Figure 8.21 and Figure 8.22. Sim-
ilar to NGC 1068, no gamma-ray emission has been associated with
NGC 7469 and CGCG 420—o015. Out of the analysis of Fermi-LAT
data, a recent study®” reported the detection of 0.1 — 100 GeV gamma
rays from NGC 4151 at 5.50. This Seyfert galaxy is known to host
a UFO,5%59 and the authors of the study argue that it is the prob-
able source of the observed non-thermal emission. They provide a
hadronic acceleration model that can produce the observed gamma-
ray flux. The model also predicts the associated per-flavor neutrino
flux at 1TeV to be ¢v+v = 5 X 10 TeV-lecm=2s~ 1. This is three
orders of magnitude smaller than the muon-neutrino flux measured
in this work, ¢ T8 = 6.0 x 10712 TeV ! ecm~2s~!. This discrepancy
suggests that most of the neutrino emission detected from NGC 4151
may originate from the X-ray corona, while only a negligible contri-
bution comes from the UFO.
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At the end of this work, the question about the implications of
the new results on the diffuse neutrino flux produced by non-jetted
AGN arises. An update to our prediction discussed in Section 3.3
will be the subject of a future publication. However, we can take
the results from Section 3.3 and include the new measurements for a
qualitative comparison. The resulting picture is shown in Figure 8.23,
where the diffuse neutrino background from AGN is shown as a
black solid line. Non-jetted AGN produces the first hump of the
spectrum, proportional to the cosmic X-ray background. The second
peak represents a model of the collective emission from blazars.®

While the measured spectra of NGC 4151 and CGCG 420—015
seem to fall well within the predicted energy range for this class of
sources, we detected two very high energy events from NGC 7469.
As a result, NGC 7469 shows a much harder spectral shape than
the other three sources. The spectrum of NGC 1068 has shifted to
slightly lower energies, although remaining statistically compatible

Figure 8.22: Multimessenger SED of NGC
1068 (top) and NGC 7469 (bottom). See de-
scription of Figure 8.21.

80 Padovani, Petropoulou, et al., “A simplified
view of blazars: the neutrino background”.
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Figure 8.23: Updated version of Figure 3.11.
The black solid line represents the diffuse
neutrino emission from AGN. Two compo-
nents contribute to it: A model-independent
prediction of neutrino emission from non-
jetted X-ray AGN and a blazar emission
model (Padovani, Petropoulou, et al., “A sim-
plified view of blazars: the neutrino back-
ground”). The astrophysical diffuse neu-
trino flux is shown as a yellow-shaded area.
Other shaded areas represent the best-fit
fluxes with their 68% C.L. uncertainty band
in the 95% C.L. energy range for the top
four sources identified in the list of 47 X-
ray bright, non-blazar AGN. All fluxes are re-
ported for all three neutrino flavors, obtained
by multiplying by a factor of 3 the best-fit
fluxes from this work, under the assumed fla-
vor ratio (Ve : vy ve) = (1:1:1), see
Subsection 2.2.2.

5 The X-ray energy densities are estimated
from the X-ray fluxes in 2 — 10 keV and
spectral indices in J. Wang et al., “Revisit-
ing the Short-term X-ray Spectral Variabil-
ity of NGC 4151 with Chandra” for NGC
4151, Tanimoto et al., “NuSTAR Observa-
tions of 52 Compton-thick Active Galactic
Nuclei Selected by the Swift/Burst Alert Tele-
scope All-sky Hard X-Ray Survey” for CGCG
420—015, and https://www.bass-survey.co
m/dr1.html for NGC 7469.

%2 The same conclusion has already been
suggested by Padovani, Gilli, et al., “The
neutrino background from non-jetted active
galactic nuclei” based on preliminary mea-
surements of the neutrino flux from NGC
4151 and CGCG 420—015.

% lnoue et al., “On High-energy Particles
in Accretion Disk Coronae of Supermassive
Black Holes: Implications for MeV Gamma-
rays and High-energy Neutrinos from AGN
Cores”.

54 Murase, “Hidden Hearts of Neutrino Active
Galaxies”.

85 Fiorillo et al., “TeV Neutrinos and Hard X-
Rays from Relativistic Reconnection in the
Corona of NGC 1068”.

with the previous measurement. Furthermore, NGC 7469 and NGC
4151 are Seyfert galaxies of type 1 and therefore less obscured (with
log Ny < 21 and log Ny S 23, respectively) compared to the Seyfert
2 galaxies NGC 1068 and CGCG 420—015, which are Compton-thick
AGN (log Ny > 24). The different obscuration levels suggest that the
gas column density is unrelated to neutrino production.
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In Section 3.3, we calibrated the scaling between the X-ray and
neutrino powers based on the ratio between the intrinsic X-ray and
neutrino energy densities at 1 keV and 4 TeV, respectively. The neu-
trino flux measurement of NGC 1068 remained compatible with pre-
vious results in an energy range that includes 4 TeV. Hence, the scal-
ing factor remains approximately the same, i.e., ~ 40. We can com-
pute the same scaling factors for NGC 7469, NGC 4151, and CGCG
420—015°". Given the best-fit neutrino spectra associated with these
three sources, we find very variable ratios, ranging from ~ 5 to ~ 190
for NGC 4151 and NGC 7469 respectively. This result suggests that
the assumption that all non-jetted, X-ray bright AGN share the neu-
trino emission mechanism as NGC 1068 is too simplistic®?.

In an attempt to provide an overall interpretation, we can draw
three main conclusions:

1. A more detailed measurement of the spectral shape of NGC 1068
at < 100 GeV is a missing necessary input for studies of neutrino
production mechanisms. Although the fit of the unbroken power-
law energy spectrum resulted in the highest significant results
presented in this work, recent models of the neutrino emission
from NGC 1068 predict peaked spectral shapes.®3:%4:%5 Moreover,
simple considerations on the source’s energetics suggest that the
spectrum should have a turnover to a rather hard slope at low
energies, see Subsection 3.3.1.


https://www.bass-survey.com/dr1.html
https://www.bass-survey.com/dr1.html
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2. The assumption that all non-jetted AGN behave like NGC 1068
in terms of their neutrino properties is challenged by both the
very hard spectrum of NGC 7469 as well as the variable scaling
factors between X-ray and neutrino powers of NGC 4151, CGCG
420—015, and NGC 7469. In other words, if these objects share a
neutrino production mechanism, this mechanism is not such that
a constant scaling factor directly relates the neutrino and X-ray
fluxes.

3. The presence of both type 1 and type 2 Seyfert galaxies among
the most significant sources in our list seems to support a unified
view of these objects,® where the obscuration levels along the line
of sight are merely due to our viewing angle and not to any in-
trinsic fundamental differences that might affect possible neutrino
emission.

Our results indicate that X-ray bright, non-blazar AGN might be
non-negligible contributors. However, more neutrino and electro-
magnetic observations are needed to corroborate the reported evi-
dence and make more conclusive statements about the composition
of the high-energy neutrino flux. What about the blazar contribution
to neutrinos beyond PeV energies?

8.3 Are blazars responsible for unassociated hotspots?

Disclaimer: The results summarized in this section are based on
publicly available IceCube data (see Chapter 6) and information only.
The discussion follows closely the published work Bellenghi et al.
ApJL 955, 2023.97.
software tool for the analysis of IceCube public data, conducted the

The author of this dissertation developed the

analysis, interpreted the results, and contributed to the writing of the
manuscript as the primary author.

AGN are excellent candidates as high-energy neutrino sources.
Among them, blazars are especially promising due to their domi-
nant non-thermal emission and almost ubiquitous association with
high-energy gamma rays (see Subsection 2.3.3). The first association
between the blazar TXS o506+056 and a high-energy neutrino de-
tected by IceCube in September 2017 (Ey ~ 290 TeV) immediately
sparked great interest for these astrophysical accelerators to be neu-
trino producers. The possibility that blazars constitute the dominant
class of high-energy neutrino sources had been already suggested
in several studies prior to the September 2017 event.?8:69.70 Since
then, numerous investigations have delved into this topic to find sta-
tistically robust associations, albeit with mostly inconclusive (< 30)
results.”"/7>

A recently published work—Buson et al. ApJL 933, 202273—sought
to answer the very same question by testing the spatial correlation
between the neutrino hotspots from the Southern sky of the 7-yr
neutrino sky map”4 and the sources in the 5th edition of the Roma-

% Urry and Padovani, “Unified Schemes for
Radio-Loud Active Galactic Nuclei”.

57 Bellenghi, Padovani, et al., “Correlating
High-energy IceCube Neutrinos with 5BZ-
CAT Blazars and RFC Sources” Analysis
code available at https://github.com/chiar
abellenghi/Correlation_Analysis.

% Padovani, Resconi, Giommi, et al., “Ex-
treme blazars as counterparts of IceCube
astrophysical neutrinos”

% Lucarelli et al., “AGILE Detection of a
Candidate Gamma-Ray Precursor to the
ICECUBE-160731 Neutrino Event”

0 Huber, Krings, et al., “Results of lceCube
searches for neutrinos from blazars using
seven years of through-going muon data”

" See Giommi and Padovani, “Astrophysical
Neutrinos and Blazars” for a review

2 Abbasi et al., “Search for Correlations of
High-energy Neutrinos Detected in IceCube
with Radio-bright AGN and Gamma-Ray
Emission from Blazars”.

3 Buson et al., “Beginning a Journey Across
the Universe: The Discovery of Extragalactic
Neutrino Factories”.

74 Aartsen et al., “All-sky Search for Time-
integrated Neutrino Emission from Astro-
physical Sources with 7 yr of lceCube Data”.
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S Massaro et al., “The 5th edition of the
Roma-BZCAT. A short presentation”.

L = —10g; Plocal OUt Of the 7-year neu-
trino sky map.

7 Coenders, “High-energy cosmic ray ac-
celerators: searches with IceCube neutri-
nos. Probing seven years of lceCube muon
data for time-integrated emission of point-
like neutrino sources”.

BZCAT Multifrequency Catalogue of Blazars”> (5BZCAT, see Sub-
section 7.3.1). To test this hypothesis, they count how many sources
in the 5BZCAT have at least one neutrino hotspot with local signifi-
cance L > Lyin7® within an association radius 7assoc and compare this
number with what is expected by chance coincidences only. Ranges
of values for the analysis parameters—Lin and 7assoc—are defined
a priori and scanned to find the combination that yields the highest
significance for the correlation. The details of the analysis have been
discussed in Section 7.3.

Buson et al. ApJL 933, 2022 found that ten neutrino hotspots with
L > 4.0 are closer than 0.55° to ten blazars in the 5BZCAT: five
FSRQs, three BL Lacs, and two blazars of uncertain type. The mean
angular separation between sources and hotspots is () ~ 0.40°. The
mean redshift is 1.3. The chance coincidence for this number of asso-
ciations to happen is excluded at 4.6 ¢, making it the strongest corre-
lation between neutrinos and a population of blazars ever claimed.

The authors’ choice of using the Southern neutrino sky for their
correlation is motivated by the difference in the covered energy ranges
between the Northern and Southern skies in the published IceCube
data. The absorption in the Earth of the highest-energy neutrinos
reduces the detection efficiency of IceCube for energies above 1 PeV
at declinations 6 2 30° (see Figure 4.13 and Figure 4.17). Hence,
in the Northern sky, the range of reconstructed energies goes from
a few tens of GeV to approximately 1 PeV, with most events recon-
structed at 1 TeV. The Southern sky, instead, covers a broader spec-
trum of energies, going up to 10 PeV. On the other hand, the Southern
hemisphere is dominated by the background of muons produced at
high multiplicity in atmospheric interactions and boosted in the di-
rection of the shower,”” thus resembling high-energy tracks. This
effect dramatically reduces the background discrimination power of
any selection cuts (see Section 4.4). However, these muon bundles
are absorbed above § = —5°. These considerations leave the horizon
(—5° < 6 < 30°) as the region where IceCube is the most sensitive to
an astrophysical flux of neutrinos.

As part of this thesis, we investigated this result further. First,
we extended the analysis to study the correlation of 5BZCAT sources
with hotspots in the Northern sky of the same sky map used in Bu-
son et al. ApJL 933, 2022. As extragalactic signals are expected to
be isotropically distributed in the sky, a correlation should also be
found in the Northern hemisphere, especially at the horizon, where
IceCube is most sensitive. As a second test, we correlated sources in
the Radio Fundamental Catalog (RFC, see Subsection 7.3.1) with both
the Northern and the Southern neutrino sky. Unlike the 5BZCAT, the
REC is flux-limited, and its sources are uniformly distributed in the
sky. Finally, we calculated the neutrino sky map based on 10 years
of data and performed all the previous searches again. This final
test provides insight into the impact of an improved, larger neutrino
sample on the published correlation.
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8.3.1  Correlation with the 10-year neutrino sample

The public release of 10 years of IceCube events has been described
in Section 6.2. It includes data recorded between April 2008 and July
2018, and the number of events has increased by approximately 60%
compared to the previous 7-year sample. The IceCube collaboration
has previously used this neutrino data sample for an all-sky time-
integrated search for neutrino point sources.”® A machine-readable
version of the sky map produced for that search is not publicly avail-
able, but using the SkyLLH interface for IceCube’s public point-
source data presented in Chapter 6, we can produce our own sky
map using an unbinned maximum likelihood method, as prescribed
in Section 6.3.

The sky map is shown in Figure 8.24, with a dashed red line sepa-
rating the Northern and Southern skies at § = —5°. It is necessary to
stress here that, due to limitations of the public data release format,”
the neutrino p-value map presented here should not be considered
as an exact reproduction of the one published by IceCube. Instead,
it should be understood as the outcome of a maximum-likelihood
search for neutrino sources, which finds results statistically compat-
ible with the IceCube’s results.3°

To find blazar-hotspot correlations using this sky map, we decide
to re-define the correlation parameters Ly and 7assoc. In Section 6.5,
we have shown that the sensitivity of the point-source analysis us-
ing the public data sample is reduced by up to 50% compared to the
one published by the IceCube collaboration, see Figure 6.6. To com-
pensate for this loss of sensitivity to an astrophysical signal, we start
scanning the Ly, parameter from a lower significance threshold of
3.0 (instead of 3.5) up to 4.5, in steps of o.5.

To choose the optimal 7ass0c Tange to scan, we perform a dedi-
cated study on the capability of our analysis to localize a point-like
source. We simulate an E~2 neutrino spectrum at various locations
in the sky and with various signal strengths. For each simulation,

8 Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.

Figure 8.24: Sky map of the point-source
likelihood search in the Northern and South-
ern Hemispheres. The map is shown
in equatorial coordinates on a Hammer-
Aitoff projection. The color scale indicates
the L values obtained from the maximum
likelihood-ratio analysis performed at each
pixel in the sky. The dashed red line indi-
cates the Northern and Southern sky sepa-
ration at § = —5°.

 The impact on several aspects of the anal-
ysis has been discussed in Chapter 6.

8 Aartsen et al., “Time-Integrated Neutrino
Source Searches with 10 Years of IceCube
Data”.
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8 The hotspot search is similar to the
one described in Subsection 7.1.2 to simu-
late hotspots produced by injected neutrino
events. An example is illustrated in the left
panel of Figure 7.6.

Figure 8.25: Distributions of the angular sep-
aration between the location of a simulated
point-source emitting an E~2 neutrino spec-
trum and the associated hotspot with L >
3.0. The solid and dashed red lines in both
panels mark the median and the 90% quan-
tile of the distribution, respectively.

8 Carver, “Time integrated searches for
astrophysical neutrino sources using the
IceCube detector and gender in physics
studies for the Genera Project”.

8 As shown in Figure 3 of IceCube Collab-
oration, “lceCube Data for Neutrino Point-
Source Searches Years 2008-2018”.

we search the associated hotspot in a circle of 1° centered at the sig-
nal injection location and calculate the angular distance hotspot and
simulated source. To locate the hotspot, we divide the area around
the source into pixels of ~ 0.1 x 0.1 square degrees, perform the
point-source analysis, obtain the TS at each pixel, and convert it into
a local significance L (the procedure is outlined in Section 5.4). The
pixel with the maximum L is taken as the hotspot for that trial.5* We
repeat this procedure approximately 10,000 times, and Figure 8.25
depicts the distributions of angular distances between a source and
its hotspot for the Northern and Southern sky.
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In the Northern sky, 50% (90%) of the hotspots with L > 3.0 are
localized within 0.17° (0.80°) from the source. In the Southern sky,
the same quantiles are at 0.13° and 0.35°. Differences between the
two distributions are due to different energy ranges and data selec-
tion procedures. In the Northern sky, the long tail of the angular
separation distribution at high values is caused by the poor direc-
tional reconstruction quality of events with low reconstructed muon
energy. The average separation between the parent neutrino and the
reconstructed muon is approximately 0.9°,32 and the uncertainty on
the reconstructed declination peaks at 2 1° for events with neutrino
energies below 1 TeV.83 A smaller association region corresponds to
a reduced chance probability of associating a hotspot with a source.
Hence, to always include at least 50% of the distribution and maxi-
mally reduce the background coincidences, we scan rass0c from 0.20°
to 0.70° (the maximum values used by Buson et al. ApJL 933, 2022) in
steps of 0.05°. The same strategy is applied to the Northern sky of
the 7-year sample.

8.3.2  Results and discussion
5BZCAT — 7-year hotspots correlation

The two upper panels of Figure 8.26 illustrate the results of the
spatial correlation analysis between the 5BZCAT and the hotspots
from the 7-yr point-source sky map. Pre-trial p-values are shown as
a function of the association radius (rassoc) for various hotspots sig-
nificance thresholds Lpyin. The left panel displays the result when the
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analysis is extended to the Northern neutrino sky. Here, 112, 43, 18,
and 7 neutrino hotspots have L > Lpn, with Ly, ranging from 3.0
to 4.5 in steps of 0.5. Note that, together with the additional thresh-
old of 3.0, we also scan 7s50¢ Starting from 0.2°, based on the source
localization study on the 10-yr neutrino sample. The strongest fluc-
tuation corresponds to a local p-value of ~ 1%. After accounting for
having tested 44 combinations of the correlation parameters, it re-
duces to ~ 10%, therefore well compatible with a chance correlation.
This result is shown with the local 5¢ finding of Buson et al. Ap]L
933, 2022, displayed in the right panel for comparison.

RFC — 7-year hotspots correlation

The result of the spatial correlation analysis between the RFC and
the hotspots from the 7-yr point-source sky map is shown in the two
lower panels of Figure 8.26. Here, for the Southern sky (right), we
use the same Ly and rassoc thresholds as in Buson et al. ApJL 933,
2022 to make the comparison to the 5BZACT result straightforward.
The smallest pre-trial p-value is 1.4 x 10~#, which becomes 6.9 x 10~*
(3.20) post-trial. The correlation parameters yielding the smallest
p-value are Ly, = 4.5 and rassoc = 0.55°. The p-value curve as
a function of the association radius matches exactly the one in the
right panel of Figure 8.26, which is not surprising as the sources
being associated are precisely the same, five blazars: four FSRQs and
one blazar of uncertain type, with () ~ 0.41°, and mean redshift
1.8. Only one of them is a gamma-ray source. However, similar to
the 5BZCAT case, in the 7-year Northern sky (Figure 8.26, left), the
result is compatible with the chance coincidence hypothesis, as the
minimum pre-trial p-value is ~ 3%, increasing to ~ 17% post-trial.

Blazar — 10-year hotspots correlations

When analyzing the Northern sky of the 10-year neutrino sky
map, we find 149, 58, 18, and 7 hotspots with L above 3.0, 3.5, 4.0,
and 4.5, respectively. In the Northern sky, the number of hotspots
with L above the same set of thresholds is 95, 36, 7, and 2.

Figure 8.2y displays the results of the correlation analysis with
5BZCAT blazars performed in the two hemispheres. None of them
is statistically significant, with minimum pre-trial p-values of ~ 25%
(~ 75% post-trial) and ~ 3% (~ 19% post-trial) in the Northern and
Southern sky, respectively. As for the 7-year sample, the analysis is
repeated using the RFC catalog. Again, the outcomes are compatible
with a chance coincidence, resulting in minimum pre-trial p-values
of ~ 32% (~ 80% post-trial) and ~ 7% (~ 34% post-trial) in the
Northern and Southern sky, respectively.

The post-trial p-values from all the analyses described in this sec-
tion are summarized in Table 8.3.
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Table 8.3: Post-trial p-values for the different
correlation analyses performed in this work.

Figure 8.26: Pre-trial p-value for the blazar
— neutrino hotspot spatial correlation as a
function of the association radius (rassoc) and
for various minimum significance thresholds
for the hotspots Ly, for the 7-year sam-
ple. The upper (lower) figure shows the
result of the correlation analysis when us-
ing the 5BZCAT (RFC). The analysis is per-
formed in both the Northern (left) and the
Southern sky (right). The dotted grey lines
in each panel mark the number of Gaussian-
equivalent standard deviations. The right
panel shows that we were able to replicate
the results presented in Buson et al. ApJL
933, 2022 and is the same as in Figure 7.15.



The robustness of the claim of discovery of a neutrino-blazar cor-
relation with the sBZCAT catalog is strongly questioned by the re-
sults presented in this section. The significance of the correlation
vanishes when the same analysis strategy is applied to the Northern
sky of the same neutrino sample. Moreover, when using a larger
and more sensitive neutrino dataset, the correlation disappears com-
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pletely also in the Southern hemisphere.

pre-trial p-value

pre-trial p-value

Focusing deeper on the claimed associations in the 7-year South-
ern neutrino sky, we find some more concerning points: The mean
offset between source and hotspots for the ten associations is 0.4°,

5BZCAT — 10-yr hotspot correlations
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Figure 8.27: Pre-trial p-value for the blazar
— neutrino hotspot spatial correlation as a
function of the association radius (assoc) and
for various minimum significance thresholds
for the hotspots Lmin for the 10-year sam-
ple. The upper (lower) figure shows the
result of the correlation analysis when us-
ing the 5BZCAT (RFC). The analysis is per-
formed in both the Northern (left) and the
Southern sky (right). The dotted grey lines
in each panel mark the number of Gaussian-
equivalent standard deviations.



132

84 Aartsen et al., “Constraints on Ultrahigh-
Energy Cosmic-Ray Sources from a Search
for Neutrinos above 10 PeV with IceCube”

8 Oikonomou, “High-energy neutrino emis-
sion from blazars”

8 Padovani, Boccardi, et al., “PKS
1424+240: yet another masquerading BL
Lac object as a possible IceCube neutrino
source”

87 Abbasi et al., “Search for Correlations of
High-energy Neutrinos Detected in IceCube
with Radio-bright AGN and Gamma-Ray
Emission from Blazars”.

roughly 3 times larger than the median localization capability of the
point-source analysis used to analyze 10 years of data. 7 out of 10
hotspots are found at an angular distance larger than the median.
A simple way to determine whether this is a reasonable outcome in
the signal hypothesis is to use the distribution in the right panel of
Figure 8.25 and compute the binomial probability of frequency of
the observed distances, which is ~ 2 x 107°. Considering that the
7-year neutrino sample has a slightly worse angular resolution than
the 10-year sample, we can assume an extreme case and worsen the
localization capability shown in Figure 8.25 by a factor of 2. The
binomial probability of finding 7 out of 10 associated hotspots far-
ther than 0.4° from their sources remains extremely small (~ 1073).
According to our study, this makes the observed correlation incon-
sistent with a hypothetical signal.

The second most interesting result is the correlation of the RFC
catalog with hotspots from the Southern sky of the 7-year neutrino
sample, at a significance of 3.20. We test whether finding 4 out of 5
associated hotspots more than 0.41° away from their sources is rea-
sonable under the signal assumption. We find a binomial probability
of 5 x 10~* using the right panel of Figure 8.25 and 7 x 1073 in the
scenario where the resolution is worsened by a factor of 2.

As a final remark, we note that our analysis does not select the
hotspot associated by IceCube to TXS 05064056 because its signifi-
cance L is below our threshold of 3.0 (L = 2.7). However, the IceCube
collaboration reports it with a local significance of L = 3.7 based on a
point-source analysis conducted on the same dataset. We discussed
the possible reasons for this mismatch in Section 6.5. We perform
an a posteriori check to ensure that the absence of this hotspot in
the list of candidates does not impact the results in a sizeable way.
Therefore, we repeat both correlation analyses in the Northern sky
of the 10-year neutrino sample by manually adding a hotspot with
Lmin = 3.7 at the location of TXS 0506+056. After performing the
correlation analysis with both catalogs again, we find that the best
Lmin changes from 4.0 to 3.5 when using the 5BZCAT, while it stays
at 3.5 for the RFC. The pre-trial p-value of the correlation slightly
decreases, going from 2.9% to 1.3% for the 5BZCAT and from 7.9%
to 1.8% for the RFC, but remaining compatible with the chance coin-
cidence hypothesis.

In conclusion, all analyses performed to test the blazar-neutrino
hotspot correlation produced non-significant results. Hence, the find-
ings we aimed to probe in this section appear most likely due to a
statistical fluctuation. However, we can not exclude a blazar con-
tribution to the IceCube signal, which is supported by the neutrino
association with TXS 0506+056 and the binomial excess produced
together with PKS 14244240 (see Subsection 8.2.2). On the con-
trary, our results support a scenario where only a small fraction
of the gamma-ray and radio-selected blazars are high-energy neu-
trino emitters, in agreement with several previous works?4:85.86.87
and with the total neutrino prediction in Figure 8.23.
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I Conclusion

In the last decade, cosmic neutrinos have emerged as crucial as-
trophysical messengers in high-energy astronomy. The detection of
1 — 10 TeV neutrinos from the Seyfert galaxy NGC 1068," alongside
the non-detection of very-high-energy gamma rays, has given new
momentum to theories suggesting that the gamma-ray hidden cores
of AGN could be powerful cosmic-ray accelerators.

This dissertation began with the 4.2¢0 observation of neutrinos
from NGC 1068. In Chapter 3, we have reported a multi-wavelength
and multi-messenger review study of this galaxy conducted with
astronomers, astrophysicists, and theorists. Considering its multi-
messenger spectral energy distribution, we have identified all po-
tential neutrino sources within NGC 1068. We identified all poten-
tial neutrino sources within NGC 1068 and used order-of-magnitude
estimates to derive the maximum neutrino power each component
could provide. Our analysis suggests that the most probable neu-
trino production site is the innermost part of the AGN, close to the
supermassive black hole.? Within the first few milliparsecs from the
SMBH, AGN are known to host a bright X-ray source, the so-called
corona, which is exceptionally bright in NGC 1068. Photons of X-ray
energies offer the optimal target for p — - interactions and conse-
quent production of ~ TeV neutrinos. At the same time, the abun-
dant UV photon field associated with the AGN accretion disc can
absorb the accompanying gamma rays, reprocessed to MeV ener-
gies. Future proposed missions, like e-ASTROGAM?3 and AMEGO-
X,4 will reach sensitivities sufficient to probe the MeV flux from NGC
1068, testing the proposed theory.

With the proposed correlation between X-ray and neutrino emis-
sions, we estimated the total neutrino flux from all non-jetted AGN,
which dominate the X-ray sky. Under the assumption that all AGN
share a similar X-ray-to-neutrino power scaling factor, we could con-
vert the observed cosmic X-ray background into a high-energy neu-
trino background.> This model-independent flux estimate is consis-
tent with IceCube measurements and upper limits®7 at > 10 TeV.

Identifying more neutrino sources is essential for understanding
the diffuse astrophysical neutrino flux and determining whether non-
jetted AGN constitute a population of sources. This dissertation con-
tributed to this goal in several ways.
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First, we searched for an excess of neutrino hotspots in the North-
ern sky using 9 years of internal IceCube data. The hotspot from
NGC 1068 is identified as the most significant excess. However, the
analysis targets populations of several weaker hotspots and is not
as sensitive to single sources. Therefore, the excess is compatible
with the background expectation, and we constrain the total flux pro-
duced by a population of neutrino standard candles in the Northern
sky to be at most 10% of the astrophysical diffuse flux at low lo-
cal source densities. Thanks to a newly developed strategy for sig-
nal simulation, the upper limits we set are approximately 50% more
stringent than previously reported ones.

Subsequently, we extended the search for neutrino point sources
in the Northern sky to 13 years of IceCube internal data. Besides
adding three new years of observations, data acquired in 2010 with
the incomplete detector configuration IC79 are included in this anal-
ysis for the first time.® We reassessed the neutrino emission from
NGC 1068 with 50% more data, finding it remains the most sig-
nificant point-like neutrino source in the sky, with a neutrino flux
compatible with previous measurements. Notably, the flux measure-
ment is constrained within [0.3 — 2.8] TeV neutrino energies, a lower
energy range compared to previous work. The significance of the sig-
nal changes slightly, decreasing from 4.2 0 to 4.00. Time-dependent
analyses will be necessary to explore potential time variability as the
origin of the shift of the neutrino spectrum to lower energies.

Using the same neutrino data, we investigated the possibility that
the X-ray bright corona of AGN is a neutrino source by exploiting X-
rays as tracers of neutrino production. We introduced a new list of 47
candidate sources in the Northern sky selected among the brightest
Seyfert galaxies in the BASS catalog.? Discussions with astronomers
and experts in the X-ray field were crucial for defining the selection
criteria. The most significant neutrino emission is found from the
Seyfert 1 galaxy NGC 7469 at 2.4 0. The second and third sources are
NGC 4151 and CGCG 420—015, a Seyfert 1 and a Seyfert 2 galaxy
for which hints of neutrino emission were reported previously by
IceCube.’ ' Most importantly, we observe a 3.3 ¢ binomial excess
from 11 of the selected Seyfert galaxies other than NGC 1068, which
is excluded to avoid biases. Although this type of test cannot distin-
guish which of the identified sources is associated with astrophysical
signals and which are boosted by background fluctuations, it gives
us a robust indication of a collective excess from a population of
hard X-ray bright, non-blazar AGN. Therefore, our recent findings
add to the growing evidence that this class of AGN appears as the
first emerging population of neutrino sources.

Besides the work done on IceCube internal data, we have pre-
sented a novel software tool to perform searches for point-like neu-
trino emission using ten years of IceCube public data. As part of this
work, we developed the interface within the open-source Python-
based software tool SkyLLH.*™? In Chapter 6, we have demonstrated
the performance of the tool, which can reproduce IceCube published
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results based on the same dataset with some uncertainty, primarily
due to the data release format. Using the new software tool, we have
tested an external discovery claim of correlations between blazars in
the 5BZCAT catalog and hotspots based on seven years of IceCube
public data.’3-4 We have extended the analysis to the larger and
more sensitive sample encompassing ten years of observations pub-
licly released by IceCube. We have found that the correlation com-
pletely disappears, suggesting that the initially claimed correlation
was likely due to a statistical fluctuation. The correlation analysis
of the 7-year neutrino sample with the more comprehensive RFC ra-
dio catalog yields a significance of ~ 3¢, reduced compared to the
published ~ 5¢. This additional result further corroborates the hy-
pothesis of a background fluctuation. However, we can not exclude
a blazar contribution to the IceCube diffuse flux, which is supported
by the neutrino association with the blazar TXS o506-+056 and the bi-
nomial excess to which another blazar—PKS 14244-240—contributes.

At the end of this work, we observe the emergence of a new neu-
trino sky, dominated by emissions from AGN. Our findings chal-
lenge the long-standing paradigm that jetted, gamma-ray bright AGN
are the primary neutrino sources. Instead, we see evidence that X-ray
bright, mostly non-jetted AGN are primary contributors to the dif-
fuse neutrino flux. While jetted AGN of the blazar type are believed
to emit neutrinos at PeV energies and beyond, the detection of PeV
neutrinos from the non-jetted Seyfert 1 galaxy NGC 7469 challenges
a hypothetical dual nature of the diffuse neutrino spectrum, where
non-jetted AGN emit mostly < 10 TeV neutrinos.

Ultimately, more data are needed to identify additional sources
of cosmic neutrinos. Future expansions of IceCube, such as the
Genz2 detector,”> along with other upcoming neutrino telescopes like
GVD,6 KM3NeT,'7 and P-ONE,*® will enhance our capabilities. To-
gether, they will provide the community with a planetary neutrino
monitoring network, advancing multi-messenger astronomy and open-
ing a window to exploring dense objects in the Universe, such as the
cores of active galactic nuclei.

'3 Buson et al., “Beginning a Journey Across
the Universe: The Discovery of Extragalactic
Neutrino Factories”.

4 Buson et al., “Erratum: “Beginning a Jour-
ney Across the Universe: The Discovery
of Extragalactic Neutrino Factories” (2022,
ApJL, 933, L43)".

S Aartsen et al., “lceCube-Gen2: the win-
dow to the extreme Universe”.

8 Avrorin et al., “BAIKAL-GVD: The New-
Generation Neutrino Telescope in Lake
Baikal”.

7 Margiotta, “The KM3NeT deep-sea neu-
trino telescope”.

'8 Agostini et al., “The Pacific Ocean Neu-
trino Experiment”.
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APPENDIX A. ABBREVIATIONS AND GLOSSARY

WA Abbreviations and Glossary

Table A.1: This table provides a list of abbreviations frequently
used throughout this thesis.

Acronym Meaning

XFGL
AGN
BL Lac
BZCAT
CMB
CR
CXB
DNN
DOM
EBL
EGB
FSRQ
HBL
IBL

IC
ICXX
KDE

The Xth generation of the Fermi FGL catalog

Active galactic nucleus

BL Lacertae object

Multi-frequency catalog of blazars

Cosmic microwave background

Cosmic ray

Cosmic X-ray background

Deep neural network

Digital optical module

Extragalactic background light

Extragalactic gamma-ray background

Flat spectrum radio quasar

Blazar of type BL Lac with high synchrotron peak frequency
Blazar of type BL Lac with intermediate synchrotron peak frequency
Inverse Compton

IceCube detector data-taking season with XX strings
Kernel density estimation

Solar luminosity of ~ 10338 erg s~!
Likelihood-ratio test

Solar mass of ~ 1030 kg

Monte Carlo

Maximum likelihood estimator

Probability density function

Radio fundamental catalog for compact radio objects
Starburst

Supermassive black hole

Test-statistic
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B S..pplementary Material for the Hotspot
Population Analysis

B.1  Hotspot counts from background simulations

In this section, we provide some supplementary distributions of the
hotspot counts obtained from background simulations. Figure B.1
and Figure B.2 show the distributions obtained when simulating the
diffuse atmospheric and astrophysical neutrino fluxes as observed
by IceCube.

Figure B.3 and Figure B.4 show the hotspot counts when the back-
ground is increased by adding twice as much diffuse astrophysical
neutrino flux.

Figure B.5 and Figure B.6 show the hotspot counts when the back-
ground consists of the atmospheric neutrino flux only and no astro-
physical component is injected.
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Figure B.1: In each panel, the count distribu-
tion of hotspots above — log;, pinr (dark er-
ror bars) from 1,000 simulations is compared
to the Poissonian distribution centered at its
mean value (light blue histogram). Contin-
ues in Figure B.2.
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Figure B.2: Continued from Figure B.1.
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Figure B.6: Continued from Figure B.5.






APPENDIX C. SEARCH FOR NEUTRINO POINT SOURCES IN THE NORTHERN SKY

e Scarch for Neutrino Point Sources
in the Northern Sky

C.1  Monte Carlo datasets for the up-going muon tracks selec-

tion

The ice model used for all simulations in Table C.1 is Spice 3.2.1.

Table C.1: Properties of the Monte Carlo datasets of v, and v+

events. The combination of all datasets is used as a high-statistics

simulation sample for the point source analysis. The number

of events is given for the final level sample, after the selection

criteria (see Section 4.4) have been applied.

Dataset ‘ Properties

21002

vy simulations
Energy Range: 100 GeV - 100 PeV (E~2 Spectrum)
# Events: 9,989,091

21124

v, simulations
Energy Range: 10 TeV - 500 PeV (E~! Spectrum)
# Events: 81,208

21217

v, simulations
Energy Range: 100 GeV - 100 PeV (E~!> Spectrum)
# Events: 2,233,814

21220

v, simulations
Energy Range: 100 TeV - 100 PeV (E~! Spectrum)
# Events: 95,418

21813

v, simulations
Energy Range: 100 GeV - 10 TeV (E~2 Spectrum)
# Events: 9,171,860

21814

vy simulations
Energy Range: 10 TeV - 1PeV (E~!° Spectrum)
# Events: 6,258,708

21938

vy simulations
Energy Range: 1PeV - 100 PeV (E~! Spectrum)
# Events: 98,668

Continues on next page
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Table C.1: Properties of the Monte Carlo datasets (continued).

Dataset

Properties

21219

v, simulations
Energy Range: 100 GeV - 100 PeV (E~15 Spectrum)
# Events: 46,054

21221

v, simulations
Energy Range: 100 TeV - 500 PeV (E~! Spectrum)
# Events: 20,539

21867

v simulations
Energy Range: 100 GeV - 10 TeV (E~2 Spectrum)
# Events: 21,730

21868

v simulations
Energy Range: 10 TeV - 1PeV (E!® Spectrum)
# Events: 35,979

21939

v simulations
Energy Range: 1PeV - 100 PeV (E~! Spectrum)
# Events: 2,044
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Figure C.1: Spatial terms of the signal like-
lihood assuming v = 2.0 (top) and ¢ =
3.0 (bottom). The distribution of the an-
gular distance ¥ between the neutrino and
the reconstructed muon from MC simula-
tions of the IC79 dataset (blue points) is
compared to the KDE-based PDF (solid blue
line) and the Rayleigh analytical approxi-
mation (dash-dotted grey line). The condi-
tional observables—reconstructed muon en-
ergy and reconstruction quality estimator—
are given in each panel.
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Figure C.2: Distribution of 350,000 test-
statistic values obtained assuming the
background-only hypothesis to be true and
fixed spectral index v = 2.0 at various de-
clinations across the Northern sky. The tail
of the distribution at TS > 3 is fitted with a
truncated gamma distribution to extrapolate
the behavior at high TS values. The number
of trials returning TS = 0 is approximately
80%.

Figure C.3: Distribution of 350,000 test-
statistic values obtained assuming the
background-only hypothesis to be true and
fixed spectral index v = 2.5 at various de-
clinations across the Northern sky. The tail
of the distribution at TS > 3 is fitted with a
truncated gamma distribution to extrapolate
the behavior at high TS values. The number
of trials returning TS = 0 is approximately
70%.

C.3 Test-statistic distributions under the null hypothesis
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Figure C.4: Colored dots show the param-
eters of the truncated I'-distribution fitted to
the background TS distributions at approxi-
mately 350 declinations. The spectral index
v is optimized in the likelihood maximiza-
tion. The solid lines represent the interpo-
lation splines applied to the measurements.
The percentage of TS values above the trun-
cation threshold at TS = 3 is shown in blue
(¢), and the scale and shape parameters of
the I'-distributions are shown in yellow and
red, respectively. The splines are used to
extrapolate the parameters at arbitrary de-
clinations in the Northern sky. The middle
and lower panel show the same interpolation
spline but for the fixed ¥ = 2.0 and ¢ = 2.5,
respectively.
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" Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”.

Figure C.5: Background TS distributions
at various declinations. Each color as-
sumes a different astrophysical diffuse flux
component, as indicated in the legend.
Flux normalizations ¢ are in units of
107 8Gev ! cm~2 571, At all tested decli-
nations, distributions with varied astrophysi-
cal backgrounds closely follow the baseline
distribution (blue).

C.q4 Uncertainty on the diffuse astrophysical background

Here, we test the impact of the choice of the astrophysical diffuse
flux model on the analysis. The background-only hypothesis of the
point-source analysis includes a contribution from an isotropic, dif-
fuse flux of astrophysical origin, which we model according to the
latest IceCube measurement' (which is our baseline astrophysical flux
model). However, the measurement comes with a statistical uncer-
tainty that is not included in the modeling of the likelihood function.
To quantify the impact on the analysis response of this uncertainty,
we can generate pseudo-experiments where we inject events accord-
ing astrophysical fluxes taken from the 95% likelihood contour in
Figure 3 of Abbasi et al., “Improved Characterization of the Astro-
physical Muon-neutrino Flux with 9.5 Years of IceCube Data”. The
resulting background TS distributions are shown in Figure C.5. We
do not observe any sizeable deviations from the baseline assumption
at any declinations besides a small effect at the pole. Hence, we con-
clude that the point-source analysis is insensitive to this systematic
uncertainty in most of the Northern sky.
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C.q.1  Systematic effect of the unmodeled diffuse neutrino background

from the Galactic Plane

Following the detection of neutrinos from the Galactic Plane,? a fit of
the diffuse neutrino flux from the Northern sky resulted in a 2.7¢0
preference for the combination of an isotropic (extragalactic) and
anisotropic (galactic) fluxes over a diffuse isotropic flux only.3 This
study used the model template for the galactic neutrino emission
shown in Figure C.6, for which a flux normalization 2.9 times higher
than expected was found.4

The analysis was performed using the same up-going muon track

selection used for our point-source analysis. However, the background-

only hypothesis Hy of the point-source analysis only assumes an
isotropic astrophysical background. The impact of having an un-
modeled GP background component can be evaluated by perform-
ing the baseline> point-source analysis on simulated datasets where
the astrophysical background consists of:

* An extragalactic isotropic component obtained by subtracting the
GP spectrum isotropically as a function of the neutrino energy
from the extragalactic diffuse flux.®

¢ A galactic anisotropic component as shown in Figure C.6.

This procedure ensures that the total astrophysical diffuse flux re-
mains conserved and equal to the IceCube measurement but is no
longer uniformly distributed in the sky.

When testing sources that lie on the Galactic Plane, the unmod-
eled GP background produces sizable differences in the background
TS distributions, shown in Figure C.7. However, the effect becomes
negligible when moving further away from the plane. Effectively, the
background underestimation translates into the possibility of overes-
timating the significance of the point-source signal from sources that
align with the GP. In Figure C.8, we quantify the possible significance
overestimation in terms of sensitivity and 5¢ discovery potential.
Both quantities are evaluated at positions where the expected galac-
tic plane flux is maximal, i.e., along the bright GP arms in Figure C.6.
Figure C.8 illustrates the outcome of the test. While the sensitivity
of the analysis might be overestimated by a factor up to ~ 20%, the
discovery potential is way less affected for both hard and soft spec-
tra. The maximum deviation from the baseline discovery potential is
approximately 5%. It occurs for sources located right on top of the
maximal neutrino emission according to the model adopted for the
study,” i.e., at the location in the Northern sky that is the closest to
the Galactic Center.

2|cecube Collaboration, “Observation of
high-energy neutrinos from the Galactic
plane”.

3 Fuerst et al., “Galactic and Extragalactic
Analysis of the Astrophysical Muon Neutrino

Flux with 12.3 years of IceCube Track Data”.

* Ibid.

-60°

le-12 1le-08
2.9%y, 45,

Figure C.6: Model template for the dif-
fuse neutrino emission from the Milky Way
(Schwefer, Mertsch, and Wiebusch, “Diffuse
Emission of Galactic High-energy Neutrinos
from a Global Fit of Cosmic Rays”). The flux
normalization (in units of TeV~'ecm~2571)
is scaled by a factor of 2.9 according to the
latest IceCube measurement in the Northern
sky (see the text for references).

5 Constructed based on a background-only
hypothesis which only contains an isotropic,
diffuse, extragalactic background.

5 Abbasi et al., “Improved Characterization
of the Astrophysical Muon-neutrino Flux with
9.5 Years of IceCube Data”.

7 Schwefer, Mertsch, and Wiebusch, “Dif-
fuse Emission of Galactic High-energy Neu-
trinos from a Global Fit of Cosmic Rays”.
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Figure C.7: Background TS distribution ob-
tained on simulated samples with a GP con-
tribution. Left: The analysis is performed at
a location where the GP emission is high ac-
cording to the template in Figure C.6. Right:
Moving away from the GP, the effect be-
comes negligible.

Figure C.8: Sensitivity and discovery poten-
tial fluxes as a function of the declination.
The baseline isotropic background model
(blue) is compared to the anisotropic back-
ground caused by a GP flux component (yel-
low). The systematic effect is studied for
both hard (y = 2, left) and soft (y = 3.2,
right) point-source spectra.
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Finally, we study the effect of the GP systematic uncertainty on the
recovery of the injected signal strength. Figure C.9 and Figure C.10
illustrate the bias in the best-fit number of signal events fi,s and
spectral index 4 as a function of the simulated signal strength pin;
assuming both hard and soft spectral shapes. The spectral index fit
is substantially unaffected, regardless of the injected spectrum. A
small deviation from the baseline behavior is seen for fins at the lo-
cation of the maximal neutrino emission from the GP, at declination
6 = 0° and right ascension R.A. = 283°. However, for both spec-
tra, the systematic effect is subdominant compared to the statistical
uncertainty on the measurement of the two parameters, and can be

safely neglected.
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Figure C.9: Fitted versus injected signal for
a vy = 2.0 source spectrum and two differ-
ent locations. The left and right plots show
the recovery of the number of signal events
and the spectral index as a function of the
number of injected events. The unbiased ex-
pectation is shown as a white dashed line.
The systematic effect due to the unmodeled
GP background flux is shown in orange and
compared to the baseline analysis, in blue.

Figure C.10: Same as for Figure C.10, but
for a v = 3.2 source spectrum.
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Figure C.11: Hammer-Aitoff projection of the
sky map resulting from the maximum likeli-
hood search for neutrino point-like sources
in the Northern sky. Here, the spec-
tral index of the power-law energy spec-
trum is fixed to 2.0. The color scale in-
dicates the negative logarithm of the lo-
cal p-value (—1og; Plocal) at €ach scanned
point. Darker colors represent stronger de-
viations from the background-only assump-
tion. The circle indicates the most significant
spot found in the scan.

Figure C.12: Hammer-Aitoff projection of the
sky map resulting from the maximum likeli-
hood search for neutrino point-like sources
in the Northern sky. Here, the spec-
tral index of the power-law energy spec-
trum is fixed to 2.5. The color scale in-
dicates the negative logarithm of the lo-
cal p-value (—log; Plocal) at each scanned
point. Darker colors represent stronger de-
viations from the background-only assump-
tion. The circle indicates the most significant
spot found in the scan.

C.5 Neutrino sky maps assuming fixed power-law spectral
indices

Figure C.11 shows the sky scan obtained under the assumption of
a fixed spectral index v = 2.0 for the unbroken power-law energy
spectrum. The hottest spot is found at right ascension 77.01° and
declination 12.98°. No gamma-ray or X-ray sources are found near
the neutrino excess. One high-energy neutrino event—IC19o712A—
is found 0.43° from the hotspot.

Fixed Spectral Index v = 2.0
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Figure C.12 shows the sky scan obtained under the assumption of
a fixed spectral index v = 2.5 for the unbroken power-law energy
spectrum. The hottest spot is found at right ascension 161.48° and
declination 27.32°. One gamma-ray source—4FGL J1045.3+2751—is
found 0.5° from the neutrino hotspot.
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C.6  Validation of Wilks" theorem

In this section, we demonstrate on Monte Carlo simulations the va-
lidity of Wilks” theorem, which is used in Section 8.2 to estimate the
two-dimensional confidence intervals on the best-fit flux parameters
of NGC 1068, NGC 7469, NGC 4151, and CGCG 420—015.

Theorem C.6.1 (Wilks’ Theorem) For testing an hypothesis Hy : 0 =
0o versus Hy = 6 # 6y, suppose x1, . .., X, are independent and identically
distributed random variables such that f(x|0), 8 is the maximum likelihood
estimator (MLE) of 6, and f(x|0) is sufficiently reqular. Then under Hy,
as n — oo

TS = —2 xlog A — x3 in distribution,

where X% is a x> random variable with 1 degree of freedom. While
the theorem is given for a hypothesis Hy with one degree of free-
dom,8 it can be extended to N-degrees of freedom in which case,
under the same conditions, the test statistic values are distributed as
Xx°

In the point-source analysis described in Section 5.1 we have 2
degrees of freedom as 6 = {ng, v}.

L(7s, 7)

_2 X IOgA = _2 X log m
ns,Y 4

(C.1)

In other words, we build the TS distribution under the hypothesis
that the best-fit result obtained from the data analysis is true.

Practically, for each source, we simulate the best-fit flux (accord-
ing to 71 and 4) and compute —2 x log A as in Equation C.1. By
definition, —2 x log A > 0.

Figure C.13 tests the validity of Theorem C.6.1 at the location of
the top 12 X-ray bright Seyfert galaxies from the list in Table C.2. The
X5 approximation accurately describes the distributions for most of
the sources, except for LEDA 166445 and NGC 1194. For these two
objects, 4 is at the boundary of the parameter space that the mini-
mizer is allowed to explore. In this case, the regularity conditions
mentioned in Theorem C.6.1 are not fulfilled™.

8 Casella and Berger, “Statistical Inference”,
p. 489.

9 Wilks, “The Large-Sample Distribution of
the Likelihood Ratio for Testing Composite
Hypotheses”.

" For a review of the regularity conditions
necessary to prove Theorem C.6.1, we refer
the reader to Casella and Berger, “Statistical
Inference”, p. 516.



160

0.4

0.3

pdf

0.2
0.1

0.0

0.4

pdf

0.4

pdf

0.2

0.0

0.4

0.3

pdf

0.2

0.1

0.0

== Pseudo-experiments

NGC 1068
fs = 102
5 =34

CGCG 420-015

s = 35
5 =27

NGC 4992

s = 27
5 =29

MCG +4-48-2
s = 37
5 =32

0.4 NGC 7469
ns =5

0.3 ¥ =19

0.2

0.1

0.0 T T

NGC 1194

fs = 43
5 =44

0.6

0.4

0.2

0.0

04 NGC 3079
fs = 34
0.3 54 =36

0.2
0.1
0.0 -1 T T
0 5 10
—2log A

= = y?(dof = 2)

0.4 NGC 4151
ng = 28
0.3 1 y =27
0.2 1
0.1 +
0.0 T T
0 5 10
0.8 LEDA 166445
ns = 57
0.6 1 ¥ =44
0.4 +
0.2 1
0.0 T
0 5 10
0.4 Mrk 1498
ns = 40

0.3 4 =36
0.2

0.1

0.0 T T 1

—2log A

Figure C.13: Validation of Wilks’ theorem for
the top 12 sources contributing to a 3.3 ¢ bi-
nomial excess out of a list of 48 X-ray bright
Seyfert. The sources are ordered according
to their local significance in the point-source
analysis. The XZ approximation is valid for
almost all 12 sources. However it does not
hold for the two sources for which the MLE
of the spectral index y is at the boundary of
the parameter space, y € [0.5,4.4].



APPENDIX C. SEARCH FOR NEUTRINO POINT SOURCES IN THE NORTHERN SKY 161

C.7 More results on the Seyfert candidate sources

Table C.2 summarizes the results of the search for neutrino emis-
sion from 48 X-ray bright Seyfert galaxies individually. For each
source, the right ascension (R.A.), declination (Dec.), redshift (z), hy-
drogen column density (Np), and hard X-ray flux (th(}terO ey) are
from the BAT 105-month catalog. The best-fit spectral parameters
for the power-law (i and ), the test-statistic value (TS), and the
local p-value (pioca1) result from the point-source analysis.

Source Name RA. (deg) Dec. (deg) z logNg ~ Fo o\ fls 4 TS Plocal

NGC 1068 40.67 -0.01 0.003 25.00 7.72 1022 3.4 271 26x1077 (5.00)
NGC 7469 345.82 8.87 0.016 20.53 2.69 5.5 1.9 155 98x107° (3.70)
NGC 4151 182.64 39.41 0.003 22.71 18.09 276 27 108 11x1073(3.10)
CGCG 420—015 73.36 4.06 0.029  24.08 1.77 353 27 84 3.6x1073 (270)
Cygnus A 209.87 40.73 0.056 23.38 4.93 3.4 1.6 74 65%x107% (2.50)
LEDA 166445 42.68 54.70 0.015 24.01 1.61 57.1 4.4 5.2 0.02 (2.10)
NGC 4992 197.27 11.63 0.025 23.69 2.34 273 29 5.0 0.02 (2.00)
NGC 1194 45.95 -1.10 0.014 24.18 3.87 432 44 4.1 0.03 (1.80)
Mrk 1498 247.02 51.78 0.055 23.23 1.86 39.9 3.6 3.7 0.04 (1.70)
MCG+4—48—2 307.15 25.73 0.014 23.86 4.32 367 32 4.1 0.04 (1.70)
NGC 3079 150.49 55.68 0.004 24.56 3.33 338 36 33 0.05 (1.7 0)
Mrk 417 162.38 22.96 0.033 23.90 1.73 4.4 1.9 3.5 0.05 (1.6 0)
Qo241+622 41.24 62.47 0.050 20.92 3.45 171 28 3.0 0.06 (1.6 0)
LEDA 138501 32.41 52.44 0.049 20.00 1.95 340 4.4 1.9 0.11 (1.20)
LEDA 86269 71.04 28.22 0.011 22.65 1.76 39.2 4.4 22 0.11 (1.20)
NGC 5252 204.57 4.54 0.023 22.43 3.65 322 36 1.6 0.13 (1.10)
3C 382 278.76 32.70 0.058 20.00 2.62 327 4.4 17 0.14 (1.10)
NGC 4388 186.44 12.66 0.008 23.52 10.79 2.1 20 1.6 0.15 (1.00)
LEDA 168563 73.02 49.55 0.029 21.23 2.15 1.8 1.8 14 0.16 (1.00)
Ark 120 79.05 -0.15 0.032 20.00 2.75 267 4.4 1.3 0.18 (0.90)

Z 164—19 221.40 27.03 0.030 24.64 8.81 3.4 1.9 1.3 0.18 (0.9 0)
3C 445 335.96 -2.10 0.060 23.54 2.02 14.5 44 08 0.20 (0.80)
NGC 5548 214.50 25.14 0.017 20.69 2.70 16.8 32 1.2 0.21 (0.8 0)
Mrk 6 103.05 74.43 0.019 20.76 2.15 100 28 09 0.24 (0.70)
NGC 3516 166.70 72.57 0.009  20.00 4.17 33.8 44 13 0.26 (0.6 0)
UGC 11910 331.76 10.23 0.027 24.07 2.20 208 44 06 0.27 (0.6 0)
4C+50.55 321.16 50.97 0.015 23.02 7.73 9.1 3.0 05 0.27 (0.6 0)
IGR J212774-5656 321.94 56.94 0.015 20.00 1.67 3.7 24 0.5 0.28 (0.6 0)
Mrk 1040 37.06 31.31 0.017 21.09 2.37 16.4 4.4 04 0.31 (0.50)
3C 111 64.59 38.03 0.049 21.87 4.13 121 4.4 03 0.37 (0.30)
Mrk 1210 121.02 5.11 0.013 23.40 2.36 9.2 4.4 0.1 0.44 (0.10)
NGC 1142 43.80 -0.18 0.029 23.76 4.05 6.2 3.7 0.1 0.46 (0.10)
NGC 7682 352.27 3.53 0.017 24.27 1.99 1.3 2.8 o1 0.47 (0.10)
NGC 7603 349.74 0.24 0.029 20.00 1.87 2.2 4.4 0.0 1.00 (0.00)
3C 390.3 280.54 79.77 0.056 20.84 3.66 0.0 4.4 0.0 1.00 (0.00)
4C+74.26 310.66 75.13 0.104 21.36 2.00 0.0 4.4 0.0 1.00 (0.00)
NGC 6240 253.25 2.40 0.025 24.25 12.89 0.0 4.4 0.0 1.00 (0.00)
NGC 3227 155.88 19.87 0.004 20.95 4.16 0.0 4.4 0.0 1.00 (0.00)
IRAS 05589+2828 90.54 28.47 0.033 20.81 2.64 0.0 4.4 0.0 1.00 (0.00)
Mrk 79 115.64 49.81 0.022 20.00 1.82 0.0 4.4 0.0 1.00 (0.00)
2MASX J20145928+-2523010 303.75 25.38 0.045 24.42 2.70 0.0 4.4 0.0 1.00 (0.00)
IRAS 0507841626 77.69 16.50 0.018 21.08 3.37 0.0 4.4 0.0 1.00 (0.00)
Mrk 110 141.30 52.29 0.035 20.00 2.12 0.0 4.4 0.0 1.00 (0.00)
NGC 4102 181.60 52.71 0.003 24.14 2.24 0.0 22 0.0 1.00 (0.00)
NGC 7319 339.01 33.98 0.022 23.82 1.70 0.0 3.6 0.0 1.00 (0.00)
NGC 4051 180.79 44.53 0.002 20.00 1.75 0.0 4.4 0.0 1.00 (0.00)
UGC 3374 88.72 46.44 0.021 20.46 4.94 0.0 4.4 0.0 1.00 (0.00)
Mrk 3 93.90 71.04 0.013 24.06 8.98 0.0 4.4 0.0 1.00 (0.00)

Table C.2: Coordinates (R.A. and Dec.),
redshift (z), logarithm of the hydrogen col-
umn density (in cm‘z), intrinsic  X-ray
flux used for the selection (in units of
10~ Merg~lem~2s~1), bestfit flux parame-
ters (15 and 4), TS value, and local p-value.
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Figure C.14: Likelihood scans around the
top 12 sources out of the selection of 48 X-
ray bright Seyfert galaxies. The white cross
shows the minimum p-value. The white lines
mark different likelihood contours (see the
text). A red dot indicates the position of
the source. All the scans are centered at
the source and have the same dimension of
3° x 3°.

12 Seyfert galaxies in the list, which contribute to a binomial excess.
The localizations” confidence regions differ depending on the flat-
ness of the likelihood space. For NGC 1068, NGC 7469,NGC 4151,
and CGCG 420—015, the solid and dashed contours indicate the 68%
and 95% C.L. contours, respectively. For all other sources, they in-
dicate the 50% and 68% (when a dashed line is visible) contours,
respectively. The likelihood space of NGC 3079 is very flat, and no

Figure C.14 shows the sky scans around the locations of the top

contour has been drawn in the figure.
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None of the 48 sources aligns with the maximal Galactic Plane
emission, as shown in Figure C.15. Therefore, the possible system-
atic uncertainty caused by the unmodeled, anisotropic galactic con-
tribution to the astrophysical background is negligible, as discussed
in Appendix C.4.1.

+60° e

777777777 ! I

Figure C.15: The location of the 48 Seyfert
galaxies is superimposed to a model tem-
plate for neutrino emission from the Galactic
Plane (Schwefer, Mertsch, and Wiebusch,
“Diffuse Emission of Galactic High-energy
Neutrinos from a Global Fit of Cosmic
Rays”).
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BB) SkyLLH Interface for Point-Source
Analyses with 10 Years of IceCube
Public Data

D.1  Background test-statistic distributions at various decli-

nations
5 Figure D.1: Exemplary TS distributions ob-
10 tained by generating pseudo-experiments
Z under the assumption that the background-
g 9 only hypothesis is true. Each panel shows
8 10 a different declination in the sky. Each dis-
tribution is based on approximately 200,000
trials.
10%
n
-~
g
2 102
o
T
0 20 0 20 0 20
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D.2  Signal injection from public detector response matrix
The injection of signal events from a point source emitting a power-
law spectrum with fixed spectral index 7 can be done by using the
detector response matrix M(E, ¢,c|dv,Ey)". In the data release, ! |t can be done with any spectral shape. We

a detector response matrix is provided for each data sample: IC40 use the power law as an example here.

(2008), IC59 (2009), IC79 (2010), IC86 2011, and IC86 2012—2017.

The number of events that need to be injected from each detector
configuration is estimated based on the respective dataset weights.
The weights depend on the effective area and exposure time of the
configuration. For instance, fewer events are injected from the small-
est IC40 dataset, which has the smallest effective area due to the 40
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Figure D.2: Simulated signal split among the
five different detector configurations accord-
ing to their respective effective areas and ex-
posure times. The white star marks the po-
sition of the simulated source at 6 = 0°. In
each row, each panel represents one detec-
tor configuration. The last season includes
six years of data taken with the complete de-
tector configurations. Hence, most of the in-
jected events are sampled from its response
matrix. The top row shows an example injec-
tion of 17 events according to an E~2 point-
source spectrum. The bottom row shows
the injection of 32 events for an E~3 point-
source spectrum.

strings and took data for one year between 2008 and 2009, compared
to the IC86 2012-2017 dataset, consisting of six years of the complete
detector configuration

For each dataset, we draw the corresponding number of neutrino
energies from the power-law distribution. Together with the decli-
nation of the source, this fixes a three-dimensional response matrix
M*(E \w P, 0). Mx provides the fractional count of simulated events
within the bin relative to all events simulated with the chosen neu-
trino energy and declination. Hence, this matrix can be used to sam-
ple the reconstructed muon energies E,, first. These then select a
distribution of i values from which we sample the angular distances
between the muon and the parent neutrino. Finally, the sampled E,,
and ¢ values select a distribution of ¢ values from which we sample
the angular uncertainty on each reconstructed muon direction.

Two examples of signal injections are shown in Figure D.2 for a
hard spectrum ¢ = 2 and a soft one v = 3. The injection behaves
as expected. When simulating hard spectra, we inject higher-energy
events with good pointing and small angular uncertainties on av-
erage. Conversely, events produced by a soft spectrum have lower
reconstructed energies and are spread over a wider area around the

source location.
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The generation of pseudo-experiments with injected signals, in-
cluding the maximization of the TS, takes approximately 0.2 s/trial.
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D.3  Energy PDF ratio at the location of TXS 0506+056

The time-integrated significance of the neutrino emission from TXS
05064-056 cannot be accurately reproduced using the public data re-
lease of IceCube. The most likely reason is the discrepancy intro-
duced by the different modeling of the signal energy PDF in the in-
ternal and public analyses. Figure D.3 and Figure D.4 compares the
signal-over-background (S/B) energy PDF ratio used in the internal
IceCube analysis and that implemented for the public data analysis
developed in this work. The comparison is shown for three spectral
indices close to the best-fit v = 2.1 reported in Aartsen et al. PRL 124,
2020.

In general, events can get lower energy PDF ratio values in the
public data analysis than in the internal analysis. This, in turn, low-
ers the total S/B ratio of the spatial and energy parts, which enters
the definition of the test-statistic in Equation 5.6.

Aartsen et al. 2020
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Figure D.3: S/B energy PDF ratio between
the internal IceCube analysis used in Aart-
sen et al. PRL 124, 2020 (solid green)
and the public data analysis implemented in
this work (dashed grey). The signal energy
PDF is conditional on the source declination.
The source tested here is TXS 0506+-056,
at declination 6 = 5.7°. The PDF ratio is
shown for y =2.0and y = 2.1.
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Figure D.4: S/B energy PDF ratio between
the internal IceCube analysis used in Aart-
sen et al. PRL 124, 2020 (solid green)
and the public data analysis implemented in
this work (dashed grey). The signal energy
PDF is conditional on the source declination.
The source tested here is TXS 05064056,
at declination 6 = 5.7°. The PDF ratio is
shown for vy = 2.2.
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