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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”.
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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)



CHAPTER 2. THE HIGH-ENERGY COSMOS ¢

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.



16

55 Berezinskii and Smirnov, “Cosmic Neutri-
nos of Ultra High Energies and Detection
Possibility”.

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

57 Berezinsky, Proceedings of the Interna-
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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



CHAPTER 2. THE HIGH-ENERGY COSMOS 17

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”.


https://www.bass-survey.com/dr2.html
https://www.bass-survey.com/dr2.html

26

'® 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
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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 de