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Abstract

The IceCube Neutrino Observatory is the largest neutrino telescope in the world, located at the South Pole.
IceCube discovered an all-sky isotropic flux of astrophysical neutrinos in 2013, but their origin remains mostly
unknown. The goal of this thesis is to identify the sources of the most energetic neutrino events detected by
IceCube. These so-called neutrino alert events are very likely to be of astrophysical origin. This work is the
first analysis performed in IceCube that searches for correlations between a catalog of neutrino alert events
and potential sources.

Two source classes are considered, gamma-ray blazars from the Fermi-LAT 4LAC-DR2 catalog and radio-bright
Active Galactic Nuclei from the RFC 2022a catalog. Both classes have been suggested as neutrino emitters in
many theoretical models due to the extreme acceleration that happens inside and the high density of their
surrounding matter. To quantify the contribution of each source in the catalog to the final result, a weight
is applied. This weight depends on the model of the neutrino production mechanism. For the Fermi-LAT
4LAC-DR2 catalog, two weighting schemes are considered: the normalized 10-year average energy flux in
gamma rays, and the normalized energy flux in the 1-month time bin that coincides with the neutrino arrival
time. For the RFC 2022a catalog, the sources are weighted by the flux density integrated over VLBI images at
8.6 GHz. There is no significant neutrino emission in any of the three searches. This result is compatible with
a small fraction of sources (< 1%) emitting neutrino alert events.

As part of this thesis, the impact of systematic uncertainties on the angular reconstruction of neutrino alert
events is studied. Two datasets of simulated events were created using a method that ensures the similarity
of all events within each defined category. These events are then reconstructed with the algorithm that is
applied to neutrino alert events. The results from these studies prove that a more robust treatment of the
systematic uncertainties is needed, since the uncertainty contours calculated with the current method do not
correspond to the expected confidence levels for individual events. Furthermore, this work enables a direct
comparison to other reconstruction algorithms for the first time, revealing that these alternative methods
achieve better angular resolution at a fraction of the computational cost.





Zusammenfassung

Das IceCube Neutrino Observatory ist das größte Neutrinoteleskop der Welt und befindet sich am Südpol.
IceCube hat im Jahr 2013 einen isotropen Fluss astrophysikalischer Neutrinos entdeckt, aber ihre Herkunft
bleibt größtenteils unbekannt. Das Ziel dieser Doktorarbeit ist es, nach den Quellen der energiereichsten
Neutrinoereignisse zu suchen, die von IceCube detektiert wurden. Diese sogenannten ‘Neutrino Alert’-
Ereignisse sind höchstwahrscheinlich astrophysikalischen Ursprungs. Diese Arbeit präsentiert die Ergebnisse
der ersten IceCube Analyse, die nach Korrelationen zwischen einem Katalog von ‘Neutrino Alert’-Ereignisse
und potenziellen Quellen sucht.

Zwei Quellenklassen werden untersucht: Gammastrahlen-Blazare aus dem Fermi-LAT 4LAC-DR2-Katalog
und radiohelle Aktive Galaktische Kerne aus dem RFC 2022a-Katalog. Beide Klassen wurden in vielen
theoretischen Modellen als Neutrinoquellen vorgeschlagen. Sowohl aufgrund der extremen Beschleunigung,
die in ihnen stattfindet, als auch der hohen Dichte ihrer umgebenden Materie. Um den Beitrag jeder Quelle
im Katalog zum gesamten Ergebnis zu quantifizieren, wird ein Gewicht angewendet. Dieses Gewicht hängt
vom Modell des Neutrinoproduktionsmechanismus ab. Für den Fermi-LAT 4LAC-DR2-Katalog werden zwei
Gewichtungsschemata betrachtet: der normalisierte 10-Jahres-Durchschnittsenergiefluss in Gammastrahlen
und der normalisierte Energiefluss im 1-Monats-Zeitintervall, das mit der Ankunftszeit des Neutrinos
zusammenfällt. Für den RFC 2022a-Katalog werden die Quellen nach der Flussdichte gewichtet, die über
VLBI-Bilder bei 8,6 GHz integriert ist. Es wurde keine signifikante Neutrinoemission in einer der drei
Katalogsuchen festgestellt. Dieses Ergebnis ist mit einem kleinen Anteil von Quellen (< 1%), die Neutrinos
hoher Energie emittieren, vereinbar.

Als Teil dieser Doktorarbeit wird die Auswirkung von systematischen Unsicherheiten auf die Winkelrekon-
struktion von ‘Neutrino Alert’-Ereignissen untersucht. Zwei Datensätze simulierter Ereignisse wurden erstellt,
die eine Methode verwenden, die sicherstellt, dass alle Ereignisse innerhalb jeder definierten Kategorie ähnlich
sind. Diese Ereignisse werden dann mit dem Algorithmus rekonstruiert, der für ‘Neutrino Alert’-Ereignisse
angewendet wird. Die Ergebnisse dieser Studien zeigen, dass eine robusterer Umgang mit den systematischen
Unsicherheiten erforderlich ist, da die Unsicherheitskonturen, die mit der aktuellen Methode berechnet
werden, nicht den erwarteten Vertrauensniveaus für einzelne Ereignisse entsprechen. Darüber hinaus
ermöglicht diese Arbeit zum ersten Mal einen direkten Vergleich mit anderen Rekonstruktionsalgorithmen,
die eine bessere Winkelauslösung bei einem Bruchteil der Rechenkosten erreichen.
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[1]: Aartsen et al. (2013), ‘Evidence for
High-Energy Extraterrestrial Neutrinos
at the IceCube Detector’

Introduction 1
Since the beginning of history, humans have been interested in the night
sky. Astronomy, which in ancient Greek means “law of the stars” or
“culture of the stars”, was born thousands of years ago as an effort to
understand stars and celestial objects, and to use them for navigation,
timekeeping and agricultural planning. The early astronomers meticu-
lously recorded the positions and movements of celestial objects, laying
the groundwork for the development of more advanced astronomical
theories.

Figure 1.1: A celestial map from the 17th
century, by the Dutch cartographer Fred-
erik de Wit.

Multimessenger astronomy is the most recent branch of astronomy, and
combines the information from various cosmic messengers (cosmic rays,
photons, neutrinos and gravitational waves) to create a comprehensive
picture of astrophysical phenomena. Learning about the production and
propagation of these different messengers allows us to better understand
our universe and the physical processes that occur there.

The most elusive astrophysical messenger particles are neutrinos, which
interact only weakly with matter. They provide a unique perspective
on the energetic processes happening inside their sources, since they
can travel through the intergalactic space undisturbed. They are pro-
duced in the same sites as cosmic rays, so they offer an insight into the
extreme environments in which the cosmic rays are accelerated. Huge
detector volumes and long exposure times are needed to capture the rare
interactions between neutrinos and matter. IceCube is a cubic-kilometer
neutrino detector buried in the Antarctic ice, that discovered an all-sky
isotropic flux of astrophysical high-energy neutrinos in 2013 [1], starting
the field of neutrino astronomy.

The core objective of this thesis is to find the sources of astrophysical
neutrinos. The focus is set on the most energetic neutrinos detected by
IceCube, which are likely to be of astrophysical origin. A good pointing
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Figure 1.2: Astrophysical particles pro-
duced in an active galactic nucleus.
Credit: IceCube Collaboration.

accuracy is key, and half of this thesis is devoted to study and improve the
impact of systematic uncertainties on the angular reconstruction of the
detected neutrinos. The second half focuses on how to use multimessenger
information to select classes of objects that are candidate neutrino emitters,
and develop an analysis method to search for coincidences between those
sources and high-energy neutrinos. In particular, we apply this method
to several catalogs of radio-loud Active Galactic Nuclei (AGNs).

The thesis is structured in three main parts, each of which contains
several chapters. All chapters are described below.

Theoretical and experimental introduction

Chapter 2 Introduction to multimessenger astronomy. A descrip-
tion of the properties of cosmic rays, their sources and in-
teractions is given. Then, astronomy with photons is briefly
introduced, with special focus on the observations at differ-
ent wavelengths. After that, the history of neutrino physics
is presented. Lastly, a brief summary of gravitational wave
astronomy is included.

Chapter 3 Description of the IceCube Neutrino Telescope. The
different elements that compose IceCube are shown and
the physical principles of neutrino detection in the ice are
explained. The recording and processing of the data is pre-
sented, and a brief introduction to the detector calibration
and the modeling of the antarctic ice is given.

The IceCube Realtime Program and reconstruction improvements

Chapter 4 Description of the IceCube Realtime Program. Alert
events, the processing pipeline and the realtime program are
introduced. The different reconstruction methods that are
applied to alert events are discussed, as well as the improve-
ments that are studied in this thesis. Lastly, some note-worthy
alerts are presented, and a catalog of neutrino alert events is
introduced.

Chapter 5 Study of the treatment of systematic uncertainties on the
angular reconstruction of neutrino alert events. The simulation
of a sample of events is explained, which are later used for a
verification of the angular reconstruction method employed
in the realtime program.







Theoretical and experimental

introduction
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Figure 2.4: Hillas diagram illustrating
different candidate source classes of cos-
mic rays. From [20].

starburst
wind

micro-
quasar

LHC

halo

RG
lobes

SNRinterplanet.
medium

white
dwarf

neutron
stars

intergal.
medium

galaxy
cluster

galactic
disk

blazarGRB

AGN

sun
spot

proton (β = 1)

G
Z
Ka
n
k
le

k
n
ee

characteristic size R

m
a
g
n
et
ic

fi
el
d
B

cH−1
0MpckpcpcAUGmMmkm

GT

MT

kT

T

G

mG

µG

nG

[21]: Fermi (1949), ‘On the Origin of the
Cosmic Radiation’

illustrated by a Hillas diagram such as the one in Figure 2.4. The diagonal
lines represent the threshold below which the Hillas condition is not
satisfied and sources are not capable of accelerating particles with charge
Z up to an energy Emax.

Acceleration mechanism

An astrophysical object not only has to satisfy the Hillas condition, but
also has to accelerate the particles in a timescale shorter than the particle
cooling timescale in order to produce cosmic rays. The main acceleration
mechanism is Fermi acceleration [21], in which charged particles are re-
flected by magnetic fields in collisionless shocks. Direct particle collisions
would cause energy losses, making the acceleration inefficient or even
impossible to happen.

Depending on the exact process, there are two types of Fermi acceleration.
In the first-order Fermi acceleration, also called diffuse shock acceleration, the
charged particles scatter off of the irregularities that precede and follow
the shock wave. The energy gain per shock is proportional to the velocity
of the shock. Multiple reflections lead to an increase in energy of the
charged particle, which follows a power-law spectrum dN/dE ∝ E−γ,
with the index γ independent of the shock’s velocity. This acceleration
mechanism is widely used for modeling particle acceleration, with γ � 2

in most typical models.

The other mechanism is called second-order Fermi acceleration, and consists
of collisions with a moving magnetic field. If the charged particle gets
reflected from a magnetic field moving towards it, it will gain energy. If
the field is moving in the opposite direction, the energy will decrease. In
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Non-thermal emission

Non-thermal emission is produced by the accelerated particles and
typically follows a power-law spectrum. The detection of non-thermal
photons is a key element for the identification of sources of cosmic rays
and neutrinos, since it implies the presence of charged particles being
accelerated.

One of the main processes that produce non-thermal emission is syn-

chrotron radiation. It is emitted by a charged particle, usually an electron,
moving in a magnetic field at relativistic speeds. It follows the power-law
spectral shape from the Fermi acceleration of cosmic rays. Some syn-
chrotron radiation emitters are pulsars, supernova remnants or radio
galaxies.

At low energies, the synchrotron radiation is suppressed due to the scatter-
ing of synchrotron photons off electrons. This is known as Synchrotron

Self-Absorption. That reduces the total synchrotron flux detected at
Earth, where we only see emitted photons from a thin layer near the
surface of the source. This spectral break usually happens at radio fre-
quencies for electrons. At the higher energies of the spectrum we find a
hard upper limit, since the electrons cannot get accelerated to energies
that would make the gyro-radius larger than the accelerating region,
thus limiting their synchrotron emission up to IR, optical, UV or X-ray
wavelengths.

Two different scenarios can explain the production of the very-high-
energy photons called gamma rays: leptonic and hadronic models. The
most popular leptonic model is the Synchrotron Self-Compton mecha-
nism. Low energy photons (radio to X-rays) produced by synchrotron
emission from relativistic electrons at the source are further scattered off
that same population of electrons via Inverse Compton (IC) scattering.
The energy of the outgoing photon is larger than the incoming one,
ending up in the gamma-ray regime.

In hadronic models, the cosmic rays interact with surrounding matter
or radiation and the resulting neutral pions decay into two photons
with energies in the gamma-ray range. In these models, the gamma rays
are accompanied by pions and thus neutrinos are also produced in the
same interactions. More commonly, one can find leptohadronic models,
in which the cosmic rays interact with the synchrotron photons from
the relativistic electrons or with thermal photons. At high energies it
is difficult to distinguish between leptonic, hadronic or leptohadronic
scenarios, which means that the detection of gamma rays does not assure
the production of neutrinos from the same source.

2.2.2 Wavelengths

The variation in wavelength means that we need different instruments and
methods to measure the full electromagnetic spectrum of astrophysical
objects. Here an overview of the main telescopes and observations in
every wavelength is presented.
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Radio

Radio astronomy focuses on the longest wavelengths of the electromag-
netic spectrum, between approximately 20 meters and 0.3 millimeters,
or, equivalently, frequencies of 0.1 to 10 GHz. Since the radio window
covers 4 orders of magnitude, radio telescopes have to be built in differ-
ent sizes, or even have their signals combined in a process called Very
Long Baseline Interferometry (VLBI) to simulate a larger antenna. Some
primary examples are the Very Large Array (VLA) in New Mexico [23],
or the Low-Frequency Array (LOFAR) which is located in Europe [24].

Radio observations allowed us to observe for the first time objects
or processes that do not emit at visible wavelengths, like the Cosmic
Microwave Background [25] or pulsars [26]∗, the latter being magnetized
rotating neutron stars that emit electromagnetic radiation. Radio galaxies,
in which the central supermassive black hole ejects particles at relativistic
speeds, can be detected by radio telescopes since the electrons in the
plasma produce synchrotron radiation. Sources that are surrounded by
clouds of dust and gas are also interesting for radio astronomers, because
radiation emitted in shorter wavelengths is often obscured by the dust,
whereas radio emission is not. The origin of many astrophysical objects
happens inside of such clouds, so radio observations are particularly
helpful in this field [27].

Infrared

Infrared radiation comprises wavelengths from 0.75 µm to 1000 µm.
Using infrared radiation we can observe distant galaxies, exoplanets,
probe dust clouds and study molecules [28]. The infrared photons are
less scattered by the dust than visible light, allowing us to see objects
that are obscured in the optical range.

The first observations in the infrared started in the 19th century, when
Professor Langley invented an instrument called “bolometer” to study
solar radiation†. Nowadays, most telescopes that observe in the infrared
cover also the optical and UV range.

Optical and UV

The optical photons have a typical energy of Eγ ∼ 1 eV and are mostly
produced by the black body radiation from objects with thermal emission.
Most objects emit some amount of IR/optical/UV radiation, like stars or
supernovae. One of the most famous optical telescopes (also detecting
infrared emission) is the James Webb Space Telescope [29], located in
space. In the coming years the Vera C. Rubin Observatory will also be
ready to start the Legacy Survey of Space and Time (LSST) [30], imaging

∗ The discovery of the pulsar led to one of the most controversial Nobel Prizes in Physics,
since it was awarded to A. Hewish instead of to J. Bell, the postgraduate student that
discovered the signal.

† His student wrote the following poem:
Prof. Langley devised a bolometer,
it’s really a sort of thermometer,
it’ll detect the heat
of a polar bear’s feet
at a distance of half a kilometre!



14 2 Multimessenger Astronomy

[31]: Bellm et al. (2018), ‘The Zwicky Tran-
sient Facility: System Overview, Perfor-
mance, and First Results’

[32]: Truemper (1982), ‘The ROSAT mis-
sion’
[33]: Gehrels et al. (2004), ‘The Swift
Gamma-Ray Burst Mission’

[34]: Weisskopf et al. (2000), ‘Chandra
X-ray Observatory (CXO): overview’

[35]: Harrison et al. (2013), ‘The Nuclear
Spectroscopic Telescope Array (NuSTAR)
High-Energy X-Ray Mission’

[36]: Cao et al. (2021), ‘Ultrahigh-energy
photons up to 1.4 petaelectronvolts from
12 γ-ray Galactic sources’

[37]: C, Winkler et al. (2003), ‘The INTE-
GRAL mission’
[38]: Tavani et al. (2009), ‘The AGILE
Mission’
[39]: Atwood et al. (2009), ‘The Large
Area Telescope on the Fermi Gamma-ray
Space Telescope mission’

[40]: Meegan et al. (2009), ‘The Fermi
Gamma-Ray Burst Monitor’

the entire available sky every few nights.

The Zwicky Transient Facility (ZTF) [31], of relevance to this thesis, is
an optical time-domain survey that uses the Palomar 48 inch Schmidt
telescope, with a 47 deg2 field of view. Some specific follow-up observa-
tions of IceCube’s neutrino events performed by ZTF motivate part of
the technical studies of this thesis and will be discussed in Chapter 6.

X-rays

The abundance of X-ray production mechanisms makes them a valuable
messenger to study the physical properties and structure of astrophysical
objects. Since X-rays are absorbed in the Earth’s atmosphere, the only
way to detect them is in space: ROSAT [32], the Neil Gehrels Swift
Observatory [33], the Chandra X-Ray Observatory [34], and the Nuclear
Spectroscopic Telescope Array (NuSTAR) [35] are some of the X-ray space
telescopes.

Several types of objects emit radiation in X-rays, such as galaxy clusters,
black holes, stars or supernova remnants. Some Solar System bodies,
like the moon, reflect X-rays from the Sun. X-rays can be produced by
both thermal and non-thermal emission: from bremsstrahlung, black-
body radiation, synchrotron radiation, or inverse Compton scattering of
lower-energy photons by relativistic electrons.

Gamma rays

Photons with energies above ∼ 100 keV are called gamma rays. They
form the most energetic part of the spectrum, with the highest-energy
photon detected so far at 1.4 PeV by the Large High Altitude Air Shower
Observatory (LHAASO) [36]. As explained before, gamma rays are
non-thermal emission, meaning that they can probe acceleration sites
where cosmic rays can also be produced. Gamma-ray astronomy can
give answers to the origin of cosmic rays, since photons are not deflected
as they travel and point back to their sources. At TeV energies and
above, gamma rays can interact with CMB photons or with Extragalactic
Background Light (EBL) creating electron-positron pairs, so the very-
high-energy extragalactic Universe is only completely transparent to
neutrinos.

The Earth’s atmosphere absorbs gamma rays, so satellite observatories
are needed to detect them directly. Some space-based gamma-ray obser-
vatories are INTEGRAL (International Gamma-Ray Astrophysics Labo-
ratory) [37], AGILE (Astro-rivelatore Gamma a Immagini Leggero) [38]
and Fermi, which includes LAT, the Large Area Telescope [39], and GBM,
the Gamma-Ray Burst Monitor [40]. Fermi-LAT will be discussed in more
detail in Chapter 10, since its data is used in this thesis.

Going to space is not the only option: gamma rays produce electro-
magnetic air showers when they interact with matter at the top of the
atmosphere that can be observed with ground-based telescopes at photon
energies above ∼ 30 GeV. Imaging Atmospheric Cherenkov Telescopes
(IACTs) detect the Cherenkov light emitted in the atmosphere by the
charged shower particles, whereas with the Extensive Air Shower (EAS)
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technique the shower particles themselves are detected by surface detec-
tors. IACTs include H.E.S.S [41], VERITAS [42], MAGIC [43] and, as the
planned next-generation, the Cherenkov Telescope Array (CTA) [44]; as
EAS arrays we can find HAWC [45] and LHAASO [46].

2.3 Neutrinos

Neutrinos are neutral, weakly-interacting elementary particles. They
are fermions, particles with spin 1/2, and exist in three leptonic flavors:
electron neutrinos (νe ), muon neutrinos (νµ) and tau neutrinos (ντ).
For each neutrino, there is also a corresponding antiparticle, called
an antineutrino. Their origin varies from terrestrial to extragalactic,
extending over 20 orders of magnitude in energy, as can be seen in
Figure 2.6.

Neutrinos were postulated as a solution to the so-called beta decay problem.
In a beta minus decay, a neutron in the nucleus decays into a proton
and an electron is emitted. The energy spectrum of such a process was
measured by J. Chadwick for the first time in 1914 [48], and he observed
that it was continuous, meaning that a third particle was involved. W.
Pauli proposed a chargeless particle with a very small mass to explain
the missing energy from the beta decay: the neutrino‡ [50].

Neutrinos were not detected until 20 years later, when F. Reines and C.
Cowan measured a neutrino flux coming from a power plant which was
produced via beta capture [51]. The next problem appeared soon after,
when the Homestake experiment measured the flux of solar neutrinos

(electron anti-neutrinos) [52], which was one third of what the solar mod-
els predicted [53]. After some theories proposed the mixing or oscillation
between flavors of neutrinos [54, 55], an excess of muon neutrinos from
the sun was finally observed by the Sudbury Neutrino Observatory [56].
This explained the deficit of electron neutrinos, since they would oscillate
via νe → νµ. In parallel, the SuperKamiokande detector showed that
muon neutrinos produced in the interactions of cosmic rays with the
Earth’s atmosphere oscillate into tau neutrinos [57].

Neutrino oscillations imply that neutrinos have mass, as opposed to
what is considered in the Standard Model. Multiple experiments have
tried to measure the oscillation parameters with different approaches.
Most of them are sensitive to the difference in squared masses of the
mass states (neutrino flavor states are a combination of the mass states),
and the current measurements are ∆m2

21 � (0.753 ± 0.018) × 10−4 eV2

and ∆m2
32 � (24.4 ± 0.6) × 10−4 eV2 [5]. The absolute value of the mass is

more challenging, and only recently the electron antineutrino mass was
measured to be mν < 0.8 eV by KATRIN [58]. Constraints on the sum of
the three neutrinos masses come from cosmological observations, and
are currently set to

∑
mν < 0.12 eV [59].

Neutrino astronomy became a reality in 1987, when 25 neutrinos from the
supernova SN 1987A in the Large Magellanic Cloud were detected [60].
Neutrinos and anti-neutrinos are produced simultaneously when the

‡ In the famous “Dear radioactive ladies and gentlemen” letter directed to the Tübingen
conference on radioactivity [49], Pauli calls this new particle “neutron”. It is later renamed
to “neutrino” by Fermi after the discovery of the neutron by Chadwick.
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Figure 2.6: Measured and expected
fluxes of neutrinos from natural and re-
actor sources, from [47]. The fluxes at
the lowest and highest energy ranges
(cosmological neutrinos, neutrinos from
AGNs and cosmogenic neutrinos) are
predicted values, while the other curves
show measured fluxes.
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core of a massive star collapses, and arrive at the Earth well before the
visible light, carrying 99% of the explosion energy. Supernovae are still
a promising candidate to produce astrophysical neutrinos in the MeV
range [61], but only those that are nearby could produce a detectable
flux.

This discovery was also the beginning of multimessenger astronomy,
which is one of the main science cases for experiments like IceCube.
An all-sky isotropic flux of astrophysical neutrinos was discovered in
2013 [1], although the sources are still largely unknown. The first hint of
a neutrino source, at the 3σ level, came from the spatial and temporal
correlation of a high-energy neutrino and the blazar TXS 0506+056 [62],
and the subsequent search for neutrino emission from the direction of
said blazar [63]. More recently, strong evidence that the active galaxy
NGC 1068 is a neutrino source was found, at the 4.2σ level [64]. However,
these individual candidates are not enough to explain the isotropic flux
of neutrinos, and a search for a general class of neutrino sources is the
main objective of this thesis.

Neutrinos are produced along-side photons in hadronic interactions
of cosmic rays. The cosmic rays interact with surrounding matter or
radiation at the source in hadronuclear (pp) or photohadronic (pγ)
interactions:

p + p →





π± + X

֒→ µ± +

(−)

ν µ

֒→ e± +

(−)

ν e +
(−)

ν µ

π0
+ X

֒→ γ + γ

(2.3)
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p + γ→ ∆+ →





π+ + n

֒→ µ+ + νµ

֒→ e+ + νe + ν̄µ

π0
+ p

֒→ γ + γ

(2.4)

In both interaction channels, charged pions are produced that ultimately
decay to muon neutrinos and muons, which will further decay to elec-
trons and two other neutrinos. In the same processes, neutral pions
are produced which decay to two gamma rays. On average, there are
six neutrinos (three from each type of pion) for every two gamma rays.
However, it is possible that the sources of neutrinos are obscured to
gamma rays, i.e. gamma rays are absorbed in the surrounding material
while neutrinos can escape.

More prominent than the astrophysical neutrino flux measured at Earth
is the atmospheric neutrino flux, which is the main background for
neutrino astronomy in IceCube. Cosmic rays can also interact with the
atmosphere in the same way as in astrophysical sources, thus producing
atmospheric neutrinos and muons. The atmospheric muons are rela-
tively easy to discard by applying various cuts to select astrophysical
neutrino events, while the atmospheric neutrinos remain an irreducible
background. Only at high energies it is possible to distinguish an astro-
physical signal.

From the interaction of cosmic-ray protons with atmospheric nuclei one
would also expect a flux of charm or prompt atmospheric neutrinos.
These are produced at higher energies, where the interaction creates
heavier, charm mesons that decay to neutrinos of the three flavors. So far,
this has not been measured, since it depends not only on the modelling
of the charm contribution but also on the astrophysical neutrino flux,
which contains relatively large uncertainties.

At very high energies of the order of PeV-EeV, we find cosmogenic

neutrinos. These are theorised to be produced when cosmic rays at
the GZK limit, i.e. with energies of the order of ∼ 1019 eV, interact
with the cosmic microwave background radiation. These cosmogenic
neutrinos are still out of reach for the existing neutrino observatories,
but future experiments aim to extend the range of neutrino energies to
EeV, potentially allowing us to detect them for the first time [65].

2.4 Gravitational Waves

Gravitational wave (GW) astronomy is the newest addition to the multi-
messenger family. GWs are propagating disturbances in the space-time
which are produced by the deformation of a local gravitational field as a
result of the change in the structure of very massive, rapidly accelerating
compact objects. The first gravitational wave signal was detected by LIGO
in 2015, and it was the product of the merger of two black holes [66].
During the merger of compact objects, particles are accelerated and
gamma rays and neutrinos are expected to be produced. This was par-
tially confirmed by the multimessenger observation of the gravitational
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wave event GW170817 (a binary neutron star merger), which was also
detected in gamma rays [67]. This has motivated multiple searches of
neutrinos coming from the direction of GWs, with no significant detection
so far [68].
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Neutrinos are key to understand the origin of cosmic rays, since they
are the smoking-gun signature of particle acceleration and hadronic
interactions. However, astrophysical neutrinos are incredibly difficult to
detect due to the small interaction cross-sections and the low fluxes from
astrophysical objects expected at Earth. Therefore, a big detection volume
is needed. Neutrinos are detected via the induced Cherenkov photons
from the daughter particles of their interactions, so the telescopes have to
be located in a transparent medium. The relatively inexpensive option to
have such a large volume of detection medium is to use natural resources:
water, either in lakes or seas; or ice.

The main advantage of using water as the medium is the low scattering
coefficient, which permits a good angular resolution. The best-known
neutrino water-telescopes up to this day are located in the Mediterranean
Sea: ANTARES [69], and its successor KM3NeT [70], which comprises
ORCA (optimized for neutrino oscillation measurements) and ARCA
(optimized for the search for point sources). In an early development
stage we also find Pacific Ocean Neutrino Experiment (P-ONE) [71] which
will be deployed off the coast of Canada. With the goal of combining the
advantage of water as the detection medium with the ease of deployment
in a frozen environment, the Baikal-GVD [72] neutrino telescope is
located in the Lake Baikal in Russia.

The focus of this thesis is the IceCube Neutrino Observatory (successor
of AMANDA [73]), located at the South Pole. Neutrino telescopes in ice
have technical advantages for construction and deployment, and the ice
has better absorption properties than the water, leading to a more precise
energy resolution.

A next-generation detector called IceCube Gen-2∗ is planned to be fully
operational by 2033 surrounding IceCube, adding O(104) new detector
units and a radio array at the surface to measure PeV neutrinos. A
prototype radio neutrino detector is currently operated as RNO-G in
Greenland [74].

3.1 The IceCube Neutrino Observatory

IceCube is a cubic-kilometer scale neutrino detector built at the South
Pole [75]. The construction of the full detector configuration was finished
in 2011, but it has been collecting data since the first strings were deployed.
It consists of 5160 Digital Optical Modules (DOMs) located on 86 strings
at depths between 1450 m and 2450 m. In the center of the array of strings
there is a denser instrumented region, DeepCore, deployed at a depth
of 1750 m to 2450 m. The in-ice array is complemented by a cosmic air-
shower array on the surface of the ice called IceTop, comprised of 81
stations with ice-filled tanks. Lastly, the IceCube Laboratory (ICL), the

∗ The name is inspired by the gentoo penguin, a penguin species that lives at the South
Pole.
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Neutrino interactions

Charged Current (CC) interaction:

(νl, ν̄l) N → (l− , l+) X (3.1)

Neutral Current (NC) interaction:

(νl, ν̄l) N → (νl, ν̄l) X (3.2)

3.1.4 DeepCore and IceTop

DeepCore [77] is an inner sub-array that is more densely instrumented and
has a lower energy threshold than the main in-ice array. It is comprised of
8 strings located at a depth of 1750 m to 2450 m, with 60 DOMs on each
string (Figure 3.1). The bottom 50 DOMs have a vertical spacing of 7 m,
while the top 10 have a spacing of 10 m and are used as veto. The DeepCore
volume has an un-instrumented region between 1850 m and 2100 m due
to the increased optical scattering and absorption there (the so-called
dust layer, explained in Section 3.4). The PMTs in the DeepCore DOMs
have a higher quantum efficiency than the other modules, which, along
with the closer spacing, allows for a lower energy threshold of 10 GeV.
DeepCore is optimized and mainly used for Beyond the Standard Model
searches, such as neutrino oscillations [78] or Dark Matter searches [79],
and detection of neutrinos from Supernovae.

On the surface there is an array of 162 tanks filled with clear ice to detect
cosmic-ray air showers, called IceTop [80]. These tanks are grouped in
81 stations following the same grid as the IceCube strings and each of
them is instrumented with two PMTs that detect the Cherenkov radiation
produced by particles from the shower. The deposited light in the tanks
and the spread of the air shower (usually over several stations) are used
to measure the properties of cosmic rays, such as the energy spectrum
and the mass composition [81].

In the work presented here, data from DeepCore and IceTop are not
utilized.

3.2 Neutrino detection

Neutrinos are detected in IceCube via the charged secondary particles
that are produced in the interactions in the ice or the bedrock, with a very
small interaction cross-section. The secondary particles emit Cherenkov
radiation, which is then recorded by the PMTs and transformed into a
digital signal. The cumulative charge, position and timing information is
used to reconstruct the direction and energy of the incoming neutrino.

3.2.1 Neutrino interactions at high energies

Cross-section

At high energies of Eν ∼ 20 − 500 GeV, the Deep Inelastic Scattering
(DIS) is the most common interaction for neutrinos [82]. In this process,
the neutrino scatters off an individual quark in a nucleon N via the
exchange of a virtual W or a Z boson. The final state is a lepton (l± or
νl , with l � e , ν, τ) and a hadronic system X, both in Charged Current
(CC) or Neutral Current (NC) interactions, see Equations 3.1 and 3.2. In a
CC interaction a charged lepton is produced with the same flavor as the
parent neutrino, while in the NC interaction there is only a transfer of
momentum. At these energies, the cross-section grows linearly with the
neutrino energy and is larger for neutrinos than for anti-neutrinos, see
Figure 3.4.
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Figure 3.4: Neutrino cross-sections for
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at an energy of 6.3 PeV. From [82].
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At higher energies of Eν ∼ 0.5 TeV − 1 EeV, relevant for neutrino as-
tronomy in IceCube, the cross-section does not depend linearly on the
neutrino energy, and in fact it is suppressed by the propagator of the
boson for energies Eν > 10 TeV. The cross-sections for neutrino and
anti-neutrino interactions become almost identical [83]. However, at an
energy of Eres

ν̄e
� m2

W/(2me) ≈ 6.3 PeV, the Glashow resonance takes
place [84]. In this case, an electron antineutrino ν̄e interacts with an
electron, forming an intermediate W boson via a resonant enhancement.
This mechanism has a higher cross-section than the other interactions at
these energies, as one can see in Figure 3.4. The Glashow resonance was
recently measured by IceCube [85], and is the first confirmation of the
detection of an astrophysical antineutrino.

Interaction length

While the neutrino interaction cross-sections σνN grow with the neutrino
energy Eν , the (water-equivalent) interaction length decreases as

Lint �
1

σνN (Eν)NA
, (3.3)

where NA � 6.022 · 1023cm−3 is Avogadro’s number. At energies greater
than 40 TeV, the Earth’s diameter is larger than the CC interaction length
of neutrinos, becoming opaque to them. The effective area of IceCube
is impacted by this, and at the highest energies a large fraction of the
detected neutrinos originate from directions close to the horizon as seen
from the South Pole.

3.2.2 Cherenkov radiation

When the neutrino interacts in the ice or the bedrock surrounding the
instrumented volume of IceCube, the secondary charged particle travels
faster than the phase velocity of light in ice and polarizes the medium. The
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molecules that were excited re-emit the received energy as photons to go
back to their ground state. The overlapping electromagnetic waveforms
form a coherent superposition and create a light signal cone-shaped
around the moving particle. This effect is called Cherenkov radiation. The
angle θC of the Cherenkov light cone for a particle moving with velocity
βc in a medium with refraction index n, shown in Figure 3.5, is

cos θC �
1

nβ
. (3.4)

The number of photons produced per unit path length x of a particle
with charge ze and per unit wavelength λ is given by the Frank-Tamm
formula [86],

d2N

dxdλ
�

2παz2

λ2

(
1 −

1

β2n2(λ)

)
, (3.5)

where α ≈ 1/137 is the fine-structure constant. A relativistic particle
(β � 1) in ice, where the refraction index is typically n ≈ 1.33 [5],
produces N ≈ 250 cm−1 optical photons in wavelengths between 300 nm
and 500 nm, which is where IceCube’s PMTs are most sensitive. This
corresponds to an angle of θC ≈ 41◦. For particles with β < 1 the
Cherenkov angle and the number of photons decrease. The Cherenkov
threshold is given by β ≤ 1/n, which is equivalent to θC � 0◦. All the
secondary particles from the interaction of the outgoing lepton with
the medium also emit Cherenkov light and contribute to the overall
brightness of the event [87].

3.2.3 Event morphologies

We call the different patterns that the light from the secondary particles
form in the instrumented volume of IceCube morphologies. There are
three morphologies depending on the type of interaction and neutrino
flavor: tracks, cascades and double-bangs. An example of each can be
seen in Figure 3.6 as event views.

Tracks are the signature of the charged-current interaction of a muon
neutrino, where a muon is produced. The light is deposited along
an elongated path, which results in a good angular resolution on
the directional reconstruction of the neutrino due to the long lever
arm. There can be through-going tracks, if the muon is produced
outside of the detector and then reaches it, or starting tracks, if
the CC νµ interaction vertex is contained within the instrumented
volume. In the latter case, a small hadronic cascade is also present
at the beginning of the track.

Cascades are roughly spherical light depositions and are produced after
a CC interaction of electron and tau neutrinos, or a NC interaction
of any neutrino flavor. For CC νe interactions, the outgoing electron
immediately produces an electromagnetic cascade without an
outgoing track. At energies lower than ∼ 1 PeV, ντ CC interactions
also produce a point-like light deposition, since the outgoing tau
only travels in the ice less than 50 m before decaying and the
second cascade cannot be distinguished from the first one. In
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that accompany the atmospheric neutrino. A starting-track selection has
historically been the preferred way of achieving a high purity sample.
The outermost layer of strings in IceCube is used as a veto, so the
atmospheric muon background is almost negligible, but the effective
volume is reduced as a downside.

3.3 Data taking and processing

The IceCube Data Acquisition System (DAQ) is an automated set of
data collection and filtering systems. It collects the data from the DOMs,
calibrates and processes it on a computing cluster at the South Pole, and
applies pre-defined event selections. It is decentralized, meaning that
the optical signals captured by each DOM are digitized in that same
DOM individually, and runs continuously. Lastly, it also generates alert
messages (relevant for this thesis) and transmits the information from
the South Pole to the IceCube data center, located at the University of
Wisconsin, Madison.

3.3.1 Data taking

IceCube ultimately detects photons produced in the interaction of a
neutrino in the surrounding ice and the propagation of the secondary
charged particles. These photons hit the photocathode material of the
PMT, ejecting electrons (called photoelectrons, or PE) from the surface
due to the photoelectric effect. These photoelectrons are accelerated and
sent to the electron multiplier, which consists of 10 dynodes that produce
secondary electrons when they are impacted. The signal is therefore
amplified, with a typical PMT gain of 107. Each single photon is detected
as a charge distribution over time. If the signal passes the discriminator
threshold of ∼ 0.25 PEs, it is digitized as voltage over time and called
waveform [95].

To convert the analog signal from the PMT to the digital output, the data
is split into two paths at the input to the DOM main board. One is for
the trigger and the timestamp capture, while the other is the main signal
path which goes through a 75 ns high-quality delay line. There, the signal
is split to three separate (×16, ×2, and ×0.25) band-width amplifiers to
cover the full PMT dynamic range while preserving the waveform shape.
The signal is limited to a 0 V to 3 V range. The data is then presented to
one of the two Analog Transient Waveform Digitizers (ATWDs).

The channel with the ×16 amplification is converted first. If this channel
is saturated, the ×2 gain channel is digitized to recover more information.
In the same way, if this channel saturates, the ×0.25 channel is digitized.
The ATWD takes a total of 29 µs to digitize a waveform, and records
data during 427 ns. A longer digitization of 6.4 µs occurs simulaneously
through a fourth PMT signal path called fast Analogue Digital Converter

(fADC), which is long enough to record all the light from even the most
energetic events.

If the waveform passes the discriminator threshold of ∼ 0.25 PEs in the
trigger path, the digitization happens and the waveforms are recorded
in the basic, fundamental datum in IceCube, called hit. The hit contains a
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Figure 3.9: Diagram of the data acquisition procedure in IceCube. Adapted from [95].
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timestamp and the waveform information. Once a hit is recorded and
during a time window of not more than 1 µs, the DOM can receive a tag
signal, meaning the neighbouring DOM also detected a hit, and the local
coincidence (LC) requirement is satisfied. In the same way, if a DOM that
has not detected a hit receives a tag signal, it will expect a hit in a similar
time window. The information of the hit includes the tag signals from
neighbouring DOMs, reducing the PMT noise and rate.

The Hard Local Coincidence (HLC) mode records the full waveform data
for hits with a LC tag, while all isolated non-LC hits are flagged as Soft

Local Coincidence (SLC) and only contain the timestamp and amplitude
and charge information. This reduces the amount of dark noise, which is
more likely to produce untagged hits.

3.3.2 Data processing

The IceCube DAQ system receives the hit signal and applies different
filters and algorithms on a computing cluster located at the detector site.
The first condition for neutrino alert searches is that at least 8 DOMs
must receive hit signals within 5 µs. All the hits in a +6/−4 µs window
around the trigger time are unified into a single event by the DAQ.

The DAQ system then converts the calibrated waveforms into photon
arrival and amplitude information, with an accuracy of 1.2 ns in time [88].
The direction, position and energy of the events are reconstructed, and a
selection called OnlineL2 uses those values to select 1% of the events as
potential neutrinos to be further analyzed at the South Pole.

The next relevant step for this thesis in the filtering process is the dedicated
online alert system (see Chapter 4), which applies strict criteria [96]
to select events from the OnlineL2 selection based on the quality of
the reconstruction, the energy and the morphology. These are then
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scattering coefficient was calculated to −8% in the direction of the glacial
flow, meaning that the photons effectively fly a curve towards the flow
axis.

The ice models are based on data taken by dust loggers [100], which
are vertical measuring devices with a 404 nm laser that emits light
horizontally at one end and have a PMT at the other end, which detects the
photons that have been scattered back to the device. The measurements
were taken during the deployment of the in-ice array. They yield high
resolution stratigraphy in bins of 10 m, but the absolute absorption and
scattering length values cannot be derived. The dust logger data has to be
normalized with the flasher LED calibration system from the DOMs.
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4.1 Introduction to the IceCube Realtime

Program

The origin of the astrophysical neutrinos that IceCube detects is still
largely unknown, although there have been multiple associations with
electromagnetic counterparts throughout the years. The first potential
extragalactic neutrino source was the blazar TXS 0506+056, which was
flaring in gamma rays when IceCube detected a high-energy neutrino
event coming from the same direction [62].

This detection was possible thanks to the IceCube Realtime Program.
The goal of the program is to help uncover the sources of neutrinos
by sending out messages to other observatories on the most promising
high-energy neutrino events, called neutrino alerts events, which have a
high probability of being astrophysical in origin. As part of the Realtime
Program, IceCube also follows up on external alerts [101] (mostly transient
object detected by electromagnetic observations), looking for spatially
and temporally coincident neutrino events.

Since July 2020, IceCube has started issuing alerts for cascade-like events
as well1. However, this Chapter and the work done in this thesis focuses
exclusively on track-like alerts.

4.1.1 Event selections

The IceCube Realtime Program started in 2016 [102] and it was updated
in 2019 [96]. Originally it contained two classes of alerts: High-Energy

Starting Events (HESE) [103] and Extremely High-Energy (EHE) events [104].
A third alert selection was included after the revision of the program:
the Gamma-ray Follow-Up (GFU) alerts.

HESE alerts are track-like events whose interaction vertex is inside the
fiducial volume of IceCube. The background of atmospheric neu-
trinos is reduced by this criterion, since these events would mostly
appear as through-going tracks. Another condition of minimum de-
posited light of 6000 photoelectrons per event is required to further
remove any possible background. Historically, HESE has been used
as a very high purity sample to discover an all-sky astrophysical
neutrino flux, using a slightly different selection criteria [103].

EHE stream selects track-like events with energies between 500 TeV and
10 PeV. If the cosine of the event reconstructed zenith angle is small
or equal to 0.1 (see Figure 4.2), a minimum deposited charge of 103.6

photoelectrons detected in DOMs is required. For a larger cosine of
the zenith angle, the minimum required number of photoelectrons
increases with the angle. With these cuts, the average purity of the
stream is 50%, meaning that half of the events are expected to be
astrophysical.
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GFU are through-going tracks with energies of O(100) TeV. Events from
the Northern or Southern Hemisphere are selected using separate
boosted decision trees. The majority of IceCube alerts are selected
by this stream.

In 2019, two refined categories were introduced: Gold and Bronze alerts∗.
These were defined so that the average astrophysical purity of the
samples is 50% and 30%, respectively. The purity is represented by a
quantity called signalness, which is the probability of a neutrino to be of
astrophysical origin, and is calculated after the event is selected as an
alert based on its properties. The signalness is defined as

Signalness(E, δ) �
Nsignal(E ≥ Ereco , δ)

Nsignal(E ≥ Ereco , δ) + Nbackground(E ≥ Ereco , δ)
,

(4.1)

where Ereco is the reconstructed energy of the neutrino, δ is its decli-
nation, and Nsignal and Nbackground are the expected number of signal
and background events at a given declination and above the energy
Ereco. In the Gold alert stream, the average signalness of the alerts is
50%, and for Bronze it is 30%. The expected numbers and, thus, the
average signalness in each channel, were calculated with simulations
assuming an astrophysical neutrino spectrum of E−2.19 [105]. The latest
diffuse astrophysical muon neutrino flux measured by IceCube [94] has
a spectral index of 2.37± 0.09. The impact of a different spectral index on
the signalness depends on the energy of the neutrino, and for the most
energetic ones, the current signalness would be overestimated. However,
there are currently no plans of updating the simulations to reflect this
new spectral index.

The previous alert streams were redirectioned into these two new ones
with a hierarchical scheme. A neutrino can pass various alert criteria,
but only one alert will be sent out. The Gold stream contains GFU Gold,
EHE Gold, and HESE Gold in that order; while the Bronze stream is GFU
Bronze and then HESE Bronze. Similarly, an event classified as Gold and
Bronze will be labelled as Gold. Expected number of Gold and Bronze
alerts and of the different subsets can be seen in Table 4.3 in Section 4.5.

4.1.2 Pipeline

To start the realtime pipeline, a neutrino event must pass the alert criteria
in the online filtering system that happens at the South Pole. Then a
machine-readable GCN2 Notice3 is issued automatically including the
angular direction reconstructed with an algorithm called SplineMPE
(explained in Section 4.2.2). All the members in the Realtime Oversight
Committee (ROC) as well as the realtime shifter receive an email and a
SMS with this basic information.

The event data is sent to the IceCube computing center in the Northern
Hemisphere, where a more sophisticated and computing-expensive
method called Millipede automatically starts to reconstruct the direction

∗ A Silver alert stream was planned to select cascade events of likely astrophysical origin,
but ultimately they were named Cascade alerts, more information can be found here:
https://gcn.gsfc.nasa.gov/doc/High_Energy_Neutrino_Cascade_Alerts.pdf.
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To generalize this equation so that it includes the expected number of
noise photons ρ (e.g., from PMT noise), one simply replaces λ→ ΛE + ρ

in the previous equation, which after taking the logarithm becomes

lnL� k ln(ΛE + ρ) − (ΛE + ρ) − ln(k!). (4.3)

There are two energy reconstruction methods relevant to realtime events,
both of which take into account the stochastic energy losses that dominate
for muons above 1 TeV: Truncated Energy and Millipede.

Truncated Energy

This method aims to estimate the muon energy from the differential
energy loss rate dE/dx in the detector. The track is divided into segments
j of 120 m length and dE j/dx is calculated in each segment to account
for stochastic energy losses. The highest 40% of the values are discarded
before calculating the truncated mean dE/dx to minimize the effect
of large stochastic energy losses [92]. The differential energy loss rate
per segment is calculated as the ratio between the observed number of
photoelectrons to the expected number for a fixed energy loss.

Millipede

The variation of the energy losses happens at scales shorter than the
120 m assumed for Truncated Energy. To correct for that, the Millipede

reconstruction algorithm assumes that the light emission from a high-
energy muon can be described by a series of cascades whose energies (Ei)
can be estimated [88]. The light that reaches the PMTs is a combination
of photons emitted from everywhere along the track. To introduce the
possibility of multiple sources of energy losses with variable energies we
substitute the mean λ by

λ �

∑

sources i

EiΛi + ρ, (4.4)

whereΛi is the expected light yield in a particular DOM and time bin from
cascade i, and ρ is the expected number of noise photons. Substituting
in Equation 4.3, the resulting likelihood that has to be minimized to find

the best-fit
−→
E is

lnL� k ln(EiΛ
i
+ ρ) − EiΛ

i − ρ − ln(k!), (4.5)

where EiΛ
i
�

−→
E ·

−→
Λ . Summing then over the time bins j, we get

−
∑

j

lnL� −
∑

j

k j ln
(−→

E ·
−→
Λ j + ρ j

)
+

∑

j

(−→
E ·

−→
Λ j − ρ j

)

+

∑

j

(
ln k j !

)
.

(4.6)
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The reconstructed energy
−→
E is then the one that minimizes −

∑
j lnL (or

maximizes the logarithm of the likelihood).

4.2.2 Angular reconstruction: SplineMPE

SplineMPE [107] is a likelihood based reconstruction that uses the arrival
time of the photons to infer the direction of the incoming neutrino. The
likelihood is defined as

L1st �

NDOM∏

j�1

p j,1st(t1), (4.7)

where NDOM is the total number of DOMs that receive light from the event,
and p j(t) is the photon arrival Probability Density Function (PDF) at the
DOM j. SplineMPE uses only the PDF of the first photon to compensate
for the assumption of a minimum ionizing muon in homogeneous ice that
goes into the description of the likelihood. In reality, the ice properties
are not uniform throughout the detector, and high-energy muons suffer
from stochastic energy losses. The first photons to arrive at DOMs are
less likely to be affected by these unphysical assumptions. The photon
arrival PDF of the first photon p j,1st(t) can be calculated exactly, and the
likelihood becomes

L1st ∝
NDOM∏

j�1

[p j(t1)]
q1 × (1 − P j(t1))

Q j−q1 , (4.8)

where P(t) is the cumulative distribution function of p(t), evaluated at
the time of the first hit t1. The data is weighted by the observed charge
of the first hit, q1, and the total observed charge per DOM, Q �

∑
i qi .

A track hypothesis is assumed, with x, y, z, and t as the track position
parameters and zenith θ and azimuth φ as the track direction. The
optimization is done on these 6 parameters, and the track hypothesis that
leads to the minimum likelihood value is the best-fit reconstruction.

To incorporate a more realistic description of the ice, the data from
LED flashers in the DOMs is used to model the optical properties [97].
Then, high dimensional histograms are created by simulating muons in
various parts of the instrumented volume of IceCube and recording the
photons that reach the DOMs. The photon arrival time PDF is obtained
from fitting these histograms with B-Splines, so that it depends on the
orientation and position of the track.

Lastly, other modifications are implemented to correct the assumption
of a minimum ionizing particle. A hit-cleaning algorithm based on a
Kolmogorov-Smirnov test [108, 109] and an energy-dependent blend
between the likelihood described above and another likelihood that
considers each single photoelectron individually constitute the “fast”
configuration. The “max” configuration also includes accurate noise
modeling, and convolving the likelihood with an energy-dependent
Gaussian function.

“Max” configuration is slower and has better resolution and is typically
preferred for searches of neutrino sources in IceCube analyses, while
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Figure 4.8: The 50% and 90% contain-
ment regions for the neutrino IC160427A
(black and red contours, respectively).
The black cross represents the best-fit po-
sition, while the star shows the position
of PS16cgx. From [112].

[113]: Blaufuss (2016), ‘ICECUBE-
160427A neutrino candidate event:
updated direction information.’

4.3.1 Categories of muons

This method aims to be the default way of calculating error contours for
every realtime alert. The result would be sets of 50% and 90% correction
values for different categories of muons that would cover the vast majority
of events. When the neutrino is detected, it is classified into one of the
categories and the corresponding correction values are used.

The procedure is also based on resimulations, but is different to the
one explained in Section 4.2.4 and it is explained in detail in Chapter
5. The resimulations within each category have the same true values
(direction, initial neutrino energy, and muon energy losses), with slight
variations in the ice model parameters that affect the photon propagation
and therefore the light yield in the detector. This sample of simulated
events was called the Golden Muons.

This method comes with its difficulties, which will be discussed in depth
in Chapter 5. The definition of categories, which parameters to base them
on, and how broad they should be, are major questions to be answered.

4.3.2 Resimulation of alerts

On the contrary, the resimulation of alerts method is a dedicated study of
the impact of systematic uncertainties on the angular reconstruction of
individual alerts. In this case, the resimulated events are “similar” to the
original alert, following the IC160427A procedure explained in Section
4.2.4. On top of that, the systematic uncertainties on the ice are varied as
well.

The definition of “similarity” between events is up for debate. Even
with a conservative definition, simulations may vary greatly, leading to
different Millipede likelihood landscapes. Moreover, resimulations are
not feasible for every alert, since they need a lot of computing time and
resources. This method is discussed in detail in Chapter 6.

4.4 Relevant alerts

Some alerts have been of special interest due to potential electromagnetic
counterparts. Here all of the alerts that will be relevant for this thesis
(many of them of high scientific impact) are presented in chronological
order.

The convention is that the alerts are named after the UTC date of detection,
with an IceCube prefix and a letter to indicate the order of alerts on a
given day. In this Section, the events are accompanied by the internal
nickname that they were given in IceCube to make it easier to distinguish
between them in the following chapters.
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Figure 4.9: The 50% and 90% contain-
ment regions for the neutrino IC170922A
(dashed red and solid gray contours, re-
spectively). From [62].

[63]: Aartsen et al. (2018), ‘Neutrino emis-
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4.4.1 IC160427A: The Pan-STARRS neutrino

The IC160427A event was the first HESE alert ever detected in real-
time [113]. The Pan-STARRS1 telescope followed up all realtime events
from 2016 to 2017 and found an optical transient, the supernova PS16cgx,
that could be temporally coincident with IC160427A [112]. This motivated
a detailed study of the localization of the event, in which 250 resimu-
lations were produced and reconstructed with Millipede to calculate
dedicated error contours as explained in Section 4.2.4. The best estimate
of the event direction was RA = 240.3, dec = 9.7, with a 90% error el-
lipse contour with semi major (minor) axis of 0.54 (0.45) deg, shown in
Figure 4.8.

The transient PS16cgx was initially classified as a Type Ic supernova,
an astrophysical class of potential cosmic-ray sources and emitters of
neutrinos, based on its spectra and rising light curve in a timescale of days.
However, further measurements showed that the light curve evolution
of PS16cgx is compatible to that of a Type Ia supernova, which is the
thermonuclear explosion of a white dwarf star. Type Ia supernovae are
not expected to produce high-energy neutrinos, so the association most
likely happened by chance.

4.4.2 IC170922A: The TXS neutrino

The neutrino alert IC170922A was originally selected by the EHE alert
stream [114] and later classified as a Gold alert. With an energy of 263 TeV
and a signalness of 63%, this is arguably the best known individual
neutrino alert event ever detected by IceCube. At a distance of 0.1 degrees
from the best-fit position (RA, dec) = (77.43+1.3

−0.8, 5.72+0.7
−0.4) deg (Figure 4.9),

the blazar TXS 0506+056 was flaring in gamma rays at the time of the
neutrino detection.

This spatial and temporal correlation launched a wide follow-up cam-
paign in multiple wavelengths. A subsequent archival search was per-
formed with 9.5 years of data, looking for neutrino events coincident
with the TXS 0506+056 direction [63]. An excess of neutrinos was found
in a time window of 158 days, independent of the 2017 detection, with a
significance of 3.5σ. More details on this blazar are given in Chapter 8.

Given the relevance of the alert, this neutrino was also resimulated in the
same manner as IC160427A, the results of which are discussed in Section
4.2.4. In this thesis, this event is also resimulated as a verification of the
method that was developed, and will be shown in Chapter 6.

4.4.3 IC190730A: The PKS neutrino

The neutrino event IC190730A was a Gold alert with a signalness of 67%,
and a reconstructed energy of 289 TeV [115]. It was a well-localized event,
with the best-fit position being (RA, dec) = (225.79+1.28

−1.43, 10.47+1.14
−0.89) deg,

leading to a 90% error region of only 5.61 deg2. The blazar PKS 1502+106,
the 15th brightest blazar in terms of gamma-ray energy flux, was contained
within the error region.
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referenced above, or the analyses performed in [125–127]). In [124], there
is a simple time-independent search for spatial correlations between a list
of the most commonly-used candidate source catalogs and the neutrinos
alerts from the IceCat-1 catalog, whose result is compatible with a chance
coincidence.

The main scientific goal of this thesis is to develop a method to calculate
the overall correlation between neutrino alerts and any catalog of sources
using all the internally available information to be more sensitive to
potential signal. Three stacking analyses were performed using this
method and will be discussed in detail in Chapter 10.
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The IceCube Realtime Program uses the Millipede reconstruction method
to infer the direction of the incoming neutrino by optimizing the likeli-
hood of the observed energy losses assuming a track hypothesis (Section
4.2.3). This is done in a grid of pixels over the entire sky, creating a
likelihood landscape where the best-fit position of the event is given by
the pixel with the maximum likelihood value.

If Wilks’ theorem [111]

[111]: Wilks (1938), ‘The Large-Sample
Distribution of the Likelihood Ratio for
Testing Composite Hypotheses’

applies, one can derive error contours directly
from this landscape. However, as shown in Section 4.2.4, the impact of
systematic uncertainties on the directional reconstruction and thus the
likelihood landscape is not negligible, and a different treatment is needed.
The values to scale the contours, called correction values, obtained for
the IC160427A neutrino alert, are applied nowadays to every realtime
event. Part of this work focused on testing the validity of this procedure.
Afterwards, the goal was to develop a new, more robust method. With
that objective in mind, the set of simulated events called Golden Muons

was created, as introduced in Chapter 4.

In this Chapter the simulation of events in IceCube will be discussed,
with a focus on the particular simulation method that is used in this
thesis and the necessary modifications. Then, the configuration for the
reconstruction method is briefly explained. Lastly, the development and
findings of the Golden Muon approach is shown. Part of this Chapter
was published in the International Cosmic Ray Conference 2021 (ICRC2021)
proceedings [128].

5.1 Simulation

Simulation is one of the pillars of most analyses in IceCube. Searches for
the sources of astrophysical neutrinos are conducted in a blind manner, so
that the statistical method to test the significance of any result is designed
and developed without looking at data to avoid biases. One possibility to
realize the blindness criteria is to use simulations. Typically, an ensemble
of neutrinos is simulated in equal numbers of flavors and neutrino-
antineutrinos, ν : ν̄ � 1 : 1 and νe : νµ : ντ � 1 : 1 : 1. For a full analysis,
the individual events are then weighted according to the astrophysical
or atmospheric flux to match the expected event rate, since the Monte
Carlo simulation is usually generated with an unphysical spectrum to
optimize computing resources. Weighting also allows to test different
flux hypotheses without re-running expensive computations. The studies
presented here only consider individual events, so a weighting scheme is
not needed.

Simulation also allows us to know the underlying true properties of every
event, which permits the study of the performance and the calibration of
energy and angular reconstruction methods. This is really important in
neutrino astronomy, since there is not any object in the sky that can act as
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a standard candle with which we can test the algorithms∗. In this Section,
the steps that are taken in a typical simulation chain are explained,
with special emphasis on a novel method for photon propagation in ice.
The modifications needed for resimulating the Golden Muons are also
clarified here.

5.1.1 Typical simulation chain

Event generation: The first step is typically the simulation of the primary
particle, which can be an astrophysical neutrino or a cosmic-ray
particle that induces an air shower, producing atmospheric neu-
trinos and muons. In simulation production, atmospheric and
astrophysical neutrinos are indistinguishable and thus treated in
the same way. The software used for the simulations of this work is
LeptonInjector [130]. The point of the neutrino interaction is in a
region close enough to the detector so that the charged secondary
particles can reach the instrumented volume.
The muons from the atmospheric air showers are propagated
into the instrumented volume of IceCube with the MuonGun soft-
ware [131], which is a parametrized version of CORSIKA (Cosmic-Ray

Simulations for Kascade) [132]. The atmospheric muon flux inside the
ice expected from air showers is parametrized as function of depth,
zenith angle, multiplicity, and energy, and individual muons or
muon bundles are drawn from the distribution.

Lepton propagation: If the secondary lepton from the interaction is a
muon, either atmospheric or from an astrophysical neutrino, it is
propagated through the ice in the second step. This is done with the
software PROPOSAL (Propagator with Optimal Precision and Optimized

Speed for All Leptons) [133], which also creates new secondary
particles along the way. Therefore, the energy losses that the muon
suffers are fixed at this step. It assumes a negligible interaction
angle between the incoming neutrino and the outgoing muon, and
that the particle travels at the speed of light, which is expected at
the energies relevant for IceCube.

Photon propagation: Once the energy losses and the secondary particles
are established, the Cherenkov photons from the charged particles
are propagated through the ice. If the secondary lepton is an
electron or a tau, i.e. the morphology is a cascade, the previous step
is skipped. The energy losses produce a point-like light deposition
and the path traversed by the lepton is negligible. The software
used in this thesis for the photon propagation is SnowStorm [134],
which is explained in detail in Section 5.1.2. This program also
simulates the photoelectron production in the DOMs.

Detector response: Whether the light emitted from all the charged par-
ticles is detected in IceCube depends on the response of the PMTs,
which is also included in the simulation chain. The sensitivity of
the PMTs depends on their quantum efficiency, and the wavelength
and incident angle of the photon. The hardware is calibrated in the

∗ The moon shadow can be used to test the pointing accuracy of angular reconstructions [129].
The moon absorbes cosmic rays that would induce muons in the atmosphere, producing
a deficit in the muon flux. Several algorithms have been studied, all of which show a
systematic shift of up to 0.2 deg. However, this was performed on a low-energy sample,
with muon energies from 1 TeV to 10 TeV.
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through-going tracks between 80 and 140 degrees in zenith angle (θ).
The event IC160427A is a starting track, from which there are only a small
fraction in the IceCat-1 catalog, see Table 4.2. All the simulated events
have a neutrino energy of 150 TeV, which is close to the median neutrino
energy of IceCube’s alerts. This first set of events was simulated by E.
Ganster and J. Stettner, and reconstructed by the author of this thesis.

5.3.1 Definition of the categories

As a first, simple approach two main classes were defined: Horizontal

(θ � 90 deg, see Figure 4.2) and Upgoing (θ � 130 deg) muons. The main
source of systematic uncertainties is the ice model, whose properties
depend roughly on the depth z. Therefore, for the Horizontal class two
more categories were selected, one in the upper half of the detector at
z � 200 m (Shallow) and the other in the lower half at z � −400 m (Deep).
With these values, the Shallow muons are above the dust layer and the
Deep ones are below.

There are two subsets in each of the Horizontal classes: the Far From DOMs

muons, which traverse the detector through a “corridor” between strings
(see Figure 5.4), and the Close to DOMs muons, which cross the detector
hitting at least one DOM.

Finally, both for the Upgoing and the Horizontal muons, the impact of
stochasticity was also considered, and two more subdivisions were
created. The Smooth muon is defined with continuous energy losses along
the track. Similarly, the category Stochastic is represented by a muon with
at least one big stochastic energy loss in the track. The stochasticity for
these first simulations was approximated by visually inspecting the event
views of the muons, but it can be calculated based on the maximum
energy loss deposition along the track, and it was analyzed as a possible
parameter to consider for the subsequent resimulation studies. The one
event selected for each of the 10 categories was resimulated 100 times as
explained in Section 5.1.3. In Figure 5.4 the event views of representative
muons from some of the categories can be seen. Event views from the
rest of the categories are shown in Appendix B.

5.3.2 Results

The events were reconstructed with the Millipede reconstruction method
in the realtime fashion, with the zoomed-in version of the scan explained
in Section 5.2. The path forward with this analysis was constantly being
reshaped when new results were obtained, and the changes are presented
here in chronological order.

Merging categories and final correction values

The first decision was to combine the Far from DOMs and Close to DOMs

categories. This decision was taken to optimize the time and computing
resources needed, since it was not expected that they would have a great
impact on the correction values. That was checked for a low statistics sam-
ple, shown in Figure 5.5 as the cumulative distribution of the difference
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Category N. of Far N. of Close p-value

Deep Smooth 20 20 0.012

Deep Stochastic 69 20 0.22

Shallow Smooth 30 20 0.26

Shallow Stochastic 78 30 0.08

Table 5.2: Results from the KS test com-
paring the Far from DOMs (Far) and the
Close to DOMs (Close) categories.

Table 5.3: The correction values for the selected categories, along with the number of reconstructed events at the time of writing this
proceeding. Not all simulated events are included as they have not been reconstructed. For comparison, the values from the IC160427A
resimulations are also shown.

Category 50% containment 90% containment Number of events

Horizontal Shallow 4.5 12.5 158

Horizontal Deep 31.9 83.2 129

Upgoing Smooth 51.8 193.8 80

Upgoing Stochastic 88.9 301.7 80

IC160427A 22.2 64.2 250

[108]: Kolmogorov (1933), ‘Sulla deter-
minazione empirica di una legge di dis-
tribuzione.’

in likelihood between the best-fit positions and the simulated directions
(−2∆LLH). The two-sample Kolmogorov-Smirnov (KS) test [108] was
performed to study the compatibility of the distributions, resulting in
the p-values shown in Table 5.2. The only two distributions that are in-
compatible are the Deep Smooth muons, but the number of reconstructed
resimulations is significantly lower than in the other cases. Considering
the arguments presented, the Far from DOMs and Close to DOMs were
merged for the Millipede studies. However, as it will be discussed later,
the reconstruction method SplineMPE (used in the first GCN Notice
that is issued for every alert, see Section 4.2.2) is negatively impacted by
events going through a corridor.

Then, once those categories were merged, the remaining Horizontal muons
were studied, shown in Figure 5.6. One can visually see that stochasticity
does not play an important role in the calibration of the reconstruction for
these categories either. A KS test was again conducted to compare them,
resulting in a p-value of 0.67 (0.65) for the Smooth (Stochastic) muons.
Therefore, the categories are further merged into Horizontal Shallow and
Horizontal Deep.

In Figure 5.7, the cumulative distribution of the difference in likelihood
between the best-fit positions and the simulated directions for the four
selected categories is shown. Table 5.3 shows the correction values that
correspond to the 50% and 90% confidence levels and the number of
reconstructed events. Despite a difference in the number of resimulations,
one can clearly see that each class has a unique set of values; the impact of
systematic uncertainties depends on the position and shape of the track
in the detector. This strongly implies that the error contours calculated
with the resimulations of IC160427A do not have the correct confidence
levels when generalized to every neutrino alert.
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Figure 5.10: Sketch with the idea for the
calculation of correction values for each
realtime alert. The stars represent correc-
tion values calculated with resimulations.
The blue dashed line is a curve fitted to
the blue data points. The orange dotted
line is the same curve scaled up to match
the orange data points.

track with a zenith angle of 100 degrees crossing the detector through the
clear ice at the bottom of the instrumented volume would be classified as
a Horizontal Deep event. Deciding and testing how many categories are
needed would not be a trivial task, since there are infinite possibilities
for the track position, length and direction, and light deposition pattern,
which all affect the reconstruction of the event.

The alternative solution was to create a set of simulated muons at different
angles and depths, and interpolate between the correction values based
on the properties of the detected event. In practice, strictly horizontal
muons would be simulated at 5 different depths (400 m, 200 m, 0 m,
−200 m and −400 m). A function of the 50% and 90% correction values
dependent of depth could be obtained by fitting the calculated values.
Then, muons at other zenith angles would be simulated at some of the
pre-selected depth values. Assuming that the distribution of correction
values follows the same trend, one could scale the fitted curve from the
horizontal muons to the values at other zenith angles. In Figure 5.10 a
simple cartoon explains the process. The simulations were processed by H.
Thomas, and reconstructed by the author of this thesis with Millipede.

The events would be simulated at two energies: 150 TeV and 5 PeV. The
median neutrino energy of the events in the IceCat-1 catalog is 154 TeV,
close to 150 TeV, and the majority of them have an energy of < 300 TeV.
That value is taken as the threshold for the classification, so that all
events with a reconstructed energy smaller than 300 TeV would get the
correction values from the simulated muons at 150 TeV. The very-high-
energy events above 300 TeV would get the correction values from the
5 PeV resimulations, which is an approximation to the root mean square
energy of events above the threshold, RMS(E > 300 TeV) � 5.23 PeV. The
energy distribution of alerts from the IceCat-1 catalog can be seen in
Figure 5.11. As a future step, a finer binning in energy could be pursued.

Based on a study done by H. Thomas, the stochasticity was not considered
for the second round of Golden Muons. There are four methods that can
be used to calculate the stochasticity of an event: the maximum deviation
from the median energy loss along the track, maximum deviation from
the mean energy loss, a χ2 test applied to a linear fit to the energy losses,
and a combination of the peak over mean and the χ2 test. The four
measurements were applied to all the events in the IceCat-1, and it was
found that each method leads incompatible stochasticity values, making
them not reliable to properly define an event. The events were also
visually inspected, with very inconsistent classifications. This, combined
with the results from the first round of Golden Muons that indicated that
the stochasticity does not play an important role for the majority of events,
drove the decision of dropping stochasticity as a study parameter.

Lastly, as a relatively simple and fast solution for the realtime program,
the alert events that are starting tracks or with a track length shorter than
200 m would get assigned the correction values of IC160427A. Including
them would greatly increase the dimensionality of the problem, so it
was decided that these classes of events would be studied in detail in the
future. The rest of realtime alert events would enter this classification
scheme after being reconstructed with Millipede. The zenith angle, depth
of the center of gravity of the track, and energy of the neutrino would be
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The method explained in Chapter 5 aims to create a solution for the
realtime program that is feasible to run in a timely manner. However, for
alerts that are considered interesting, i.e. that lie in spatial or temporal
coincidence with a potential source, a dedicated study of the error
region could be beneficial to reject or strengthen the correlation. In
this Chapter we explain the method of resimulating realtime alerts to
calculate correction values specific to those events.

The final goal is to develop a method that can be run semi-automatically
on those alerts that trigger a strong response from the multimessenger
community, due to the detection of a potential counterpart. As a first step,
we calculated correction values with Millipede for some already-known
neutrino alerts. In the case of the IC170922A neutrino, the resimulations
were compared to previous studies to validate the method. The other
alert events were resimulated as a response to external papers where
neutrinos were found in coincidence with Tidal Disruption Events (TDEs).
The development of the method, the simulations and the Millipede
reconstructions were performed by the author of this thesis. The events
were also reconstructed with other algorithms by IceCube collaborators
to compare the performances.

6.1 Method

The simulation chain for the realtime alerts uses the same steps and
algorithms as explained in Section 5.1. As opposed to the Golden Muons
simulation method, for each resimulation of an alert the first step is the
event generation. Each resimulation is by definition different to all others,
since during the muon propagation the energy losses are recalculated.
The process is summarized in Figure 5.2 as the blue circle.

The resimulations are also created with variations in the initial incoming
direction and energy, since the true values of the real event are unknown.
The choice of the range for both parameters is such that the resimulations
closely resemble the original track. For the work presented here, the
same definition of similarity as for the IC160427A resimulations was used,
introduced in Section 4.2.4. The steps are the following:

Neutrino simulation and sky position cut: The neutrino is simulated
as coming from a position in the sky close to the reconstructed
direction of the real event (RA, dec)event. In practice, instead of
using the more sophisticated LeptonInjector software, a simpler
method was developed. In this, the information is read from the
event data file, the interaction point is simulated with a random
direction chosen from ±2.2 · (RA, dec)event and the angular distance
to (RA, dec)event is calculated. If the simulated direction lies within
a radius of 2 deg, the criterium is met.
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The results from the Golden Muons study and the resimulation of alerts,
presented in Chapter 5 and Chapter 6, have proven that the reconstruction
method used in IceCube’s Realtime Program does not provide the
expected coverage of the uncertainty region of the events. Moreover,
the performance is comparable to computationally less expensive, faster
and simpler algorithms. A working solution for IceCube’s Realtime
Program is needed soon, while we work on fully understanding the track
reconstruction. These are two separate goals, and we should not prioritize
one over the other. The problem should not persist until we find the
definite solution, since many studies rely on the reconstucted parameters
that are constantly being released. We should find an intermediate fix
and implement it while we work towards a reconstruction method that
is well understood and robust against systematic uncertainties. In either
case, any potential solution must prove that it works for individual,
high-energy tracks, which are the object of interest for follow-up studies
and multimessenger astronomy, and not just on average on an ensemble
of low-to-high energy events.

Parts of this Chapter were presented at the International Cosmic Ray

Conference (ICRC) 2023 by the author of this thesis and collaborators [136–
138].

7.1 Finding (track) reco project

The Finding (track) reco project was born in collaboration with other
IceCube members to develop the criteria to benchmark any candidate
algorithm for the angular reconstruction method of track-like events used
in the realtime program. Beyond that, it can also be applied to methods
used in offline searches, to ensure a common threshold for all.

The basic element of this project is a dataset of simulated events that
realisticly represent the realtime track alerts. This dataset is based on
a previously simulated sample that was created to obtain the expected
number of signal events at given energy and declination for the calcu-
lation of signalness (Equation 4.1). To form the dataset for this project,
called the realtime benchmark simulations, 100 events that would pass the
GFU selection were randomly selected from that previously simulated
sample.

Then, each event was resimulated in the Golden Muons manner, i.e.
only varying the photon propagation, both with the nominal ice model
and with the SnowStorm variations. Three different ice models were
considered: SPICE MIE, SPICE 3.2.1 and SPICE BFR-v2 (more details
on Section 3.4). This would allow us to see if the improvement on the
knowledge of the ice model has a bigger impact than the remaining
uncertainty on the parameters. An improved version of the resimulation
based on similarity is also being developed for this project and will be
discussed in the following Section.
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7.2 New resimulation scheme

To test the methods on real events, uncertainties have to be added on top
of the “true” values, since these are unknown for real data, for which we
can only have a best estimate from reconstruction. A resimulation based
on similarity is therefore needed. The same process can be applied to the
realtime benchmark simulations to validate the similarity definition. Such
a resimulation process would also allow us to keep benchmarking the
methods in the future, and building up a sample of realistic simulations of
neutrino alerts. Moreover, in case of a strong hint of correlation between
an alert event and an electromagnetic counterpart, dedicated contours
could be produced easily.

A new scheme was designed to ensure that the events are always similar
to the original event and simulated in a more efficient way. Instead
of simulating the neutrino interaction and then applying a cut on the
angular distance, the muon is directly simulated to be created on the
original event’s track and outside of the detector, 300 m away from the
outer layer of strings, so that the light from the hadronic cascade at the
interaction point does not reach the detector.

Then, the muon is propagated with the usual procedure. At this step,
the energy losses of the muon in the detector are fixed, and they are
used as a proxy for the deposited charge as a function of the distance
traveled. The simulated track is divided into segments, and the energy
lost in each segment is obtained from the Monte Carlo truth. For the
original event, the reconstructed track is also divided into segments, and
the energy deposited in each segment is calculated with the method
TruncatedEnergy [88] (introduced in Section 4.2.1).

For each segment, the ratio of measured deposited energy to simulated
energy is calculated. The metric to establish if two events are similar is
the logarithm of the ratio for the segment i with the largest ratio, M �

max(log10(Emeas,i/Esim,i)). If M < 1.5, we conclude that the two events
are similar (in this case, the resimulated event resembles the original
muon) and we procede with the photon propagation and subsequent
steps.

Figure 7.1 shows the first results of this new simulation scheme, applied
to the Tywin neutrino by J. Necker. The top panel shows the deposited
energy in each segment, defined from 0 to 8 along the direction of the
track. The blue curves represent the resimulated events, which very
closely follow the energy deposition of the real event (in black). The
bottom panel shows the ratio between the simulated and the real data.
The other neutrino alert events from Chapter 6 were cross-checked
or resimulated again with this scheme, and the results are presented
in [137].
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An Active Galactic Nucleus (AGN) is the central part of a galaxy that
contains a supermassive black hole (SMBH) at its center, whose accretion
of material is powerful enough to emit electromagnetic radiation. While
all galaxies are believed to contain a SMBH in their center, only 5% to 10%
of them are considered active due to accretion [140]

[140]: Peterson et al. (2003), Quasars

. AGNs are promising
source candidates of high-energy neutrinos, since they might be capable
of accelerating protons and other nuclei up to relativistic speeds, and
are surrounded by radiation fields and matter, where those protons can
interact in pp and pγ interactions [141]

[141]: Murase et al. (2022), ‘High-Energy
Neutrinos from Active Galactic Nuclei’

. In this Chapter, the structure of
AGNs and their classification are introduced, and an overview of the
state-of-the-art analyses searching from neutrino emission from different
classes of AGNs is given.

8.1 Structure of an AGN

The elements of an AGN can be seen in Figure 8.1. The central black holes

(BHs) which power AGNs are extremely massive, with 106 to 1010 times
the solar mass M⊙ , and are called supermassive black holes. These are now
believed to reside in the centers of most massive galaxies, which would
only qualify as active if there is enough material supply for accretion. The
high mass of the BH is needed to reach the high luminosities observed in
AGNs without exceeding the Eddington luminosity (or Eddington limit).
Accretion is the main process that can efficiently convert the potential
and kinetic energy of the accreting material into radiation [142]. The
bolometric luminosity produced by accretion is given by

Lbol � η ÛMc2 , (8.1)

where ÛM is the mass accretion rate and η is the efficiency of the con-
vertion of accretion into emission, and depends on the accretion model
assumed [142]. The canonical value is η � 10%, although studies show
that for many AGNs it must be even smaller [143]. The mass of the BH
increases over time, and after n years of accreting material becomes

MBH ≃ M0 exp(δn), (8.2)

where M0 is the starting mass of the BH, and δ is the fractional accretion
rate per year, which depends on the already defined parameters as

δ � 2.28 × 10−9 Lbol/LEdd

η
. (8.3)

The material that is closer to the SMBH slowly spirals inwards, gets
compacted and forms an accretion disk. As the material falls onto the
SMBH, it heats up and converts the gravitational potential energy to
electromagnetic radiation, typically peaking in the optical-ultraviolet
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region. Accretion disks are geometrically thin, optically thick structures
in the subparsec scale. Above and below the accretion disk one finds the
corona, which is comprised of hot material. In the corona, the photons
emitted from the accretion disk can be scattered via Inverse Compton up
to X-ray energies.

In some AGNs, about 10% of the total population, the accretion disk
also produces two jets of highly collimated, relativistic particles. The
jets emerge from close to the disk and go in opposite directions, nearly
perpendicular to the plane of the disk. There are various theoretical
models that explain jet production in AGNs, see [144] for an overview.
Jets are brightest in the radio band due to synchrotron radiation, but they
emit across all wavelengths.

The material that surrounds the SMBH can also be a source of obscura-
tion [145, 146]. According to the AGN Unification Model [147] (see Section
8.2), this obscuring material takes the form of a geometrically and optically
thick torus, with a diameter of up to 10 pc.

From the observation of AGNs, two more regions are defined. In the spec-
trum of AGNs, there are time-variable emission lines that are redshifted,
with Doppler widths of 103 to 104 km s−1 [142]. These are formed in a
region with high-density fast-moving gas clouds called Broad Line Region

(BLR), located close to the SMBH and surrounded by the torus. Along
with those lines, in many cases narrower lines are observed (∼ 103 km s−1),
coming from a larger region that is separated kinematically from the
BLR, called Narrow Line Region (NLR). The NLR is composed of ionized
gas clouds located outside of the torus and extending up to the scale of
the AGN host galaxy.

8.2 Classification of AGNs

Historically, many classes of AGNs have been discovered and defined
based on their observed properties. An AGN Unification Model was
developed to try to explain all the different subclasses of AGNs by the
same underlying model. In 1993 the most simplified version of this model
was suggested [147], which is still valid to this day. It states that there are
two basic types of AGNs: radio-quiet and radio-loud. Each type defines a
range in intrinsic luminosity, and most of the other properties of AGNs
are due to the orientation of the accretion disk plane with respect to the
observer. A summary of the subclasses that are presented in this Section
is shown in Figure 8.1.

Within this unified model, radio-loud AGNs are characterized by the
presence of relativistic jets and are further classified as blazars, if the
radiation beam is pointing towards the Earth, or as radio galaxies, for
viewing angles & 15◦ [148]. Blazars exhibit high variability due to the
nature of their electromagnetic emission, and emit in all wavelengths,
from radio frequencies to gamma rays at very high energies above
1 TeV. They are classified into BL Lac and Flat Spectrum Radio Quasars

(FSRQ) based on the width of the emission lines. A (somewhat arbitrary)
threshold of 5 Å is established, blazars with weak emission lines below
that value are BL Lacs, and those with stronger, broad emission lines are
FSRQs.
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Figure 8.1: Schematic representation of
the AGN Unification Model. The differ-
ent observed properties of each class
of AGN depend on the viewing angle
and the presence of a jet. The figure also
shows the elements of the structure of
an AGN. From [142].

[149]: Fanaroff et al. (1974), ‘The morphol-
ogy of extragalactic radio sources of high
and low luminosity’

[150]: Seyfert (1943), ‘Nuclear Emission
in Spiral Nebulae.’

Radio galaxies are also classified based on their morphology, which
is determined by the appearance of their radio emission [149]. If the
majority of the emission is concentrated and located near the core, the
galaxy is from the low-luminosity Fanaroff-Riley I (FR-I) class. On the
other hand, in high-luminosity FR-II objects, most of the emission comes
from the end of the extended emission, and the structure is dominated
by the radio lobes. Therefore, FR-II are brighter than FR-I, which serves
as a proxy for the trend of the jet luminosity as well.

Based on the viewing angle, there are further categories for the radio-
quiet AGNs. When the AGN is viewed edge-on, the emission lines from
the BLR are typically obscured by the torus. In that case, the active galaxy
is classified as a Seyfert 2 galaxy [150] or narrow-line radio galaxy (NLRG)
if it also contains a jet. If broad emission lines are present, the active
galaxy is classified as a Seyfert 1 galaxy or a broad-line radio galaxy
(BLRG).

8.3 Gamma-bright blazars as neutrino sources

In order to produce a significant flux of high-energy neutrinos in a source,
the following conditions must be met: first, there must be acceleration
of ions (protons and nuclei) to high energies, at a rate higher than the
energy loss rate; second, there must be a target medium of sufficient
density. Based on recent multimessenger studies, the particle intensities
of neutrinos, high-energy gamma rays and cosmic rays are comparable,
suggesting that they are physically connected. However, if neutrinos
are produced in hadronic processes as discussed in Chapter 2, the
high-energy gamma rays would interact with the necessary photons in
the target material and appear at lower energies. This is in agreement
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flux is assumed [156]. Other analyses, however, have found a significant
spatial correlation between blazars from 5BZCat and public neutrino
data sets released by IceCube [157, 158], where all the blazars contribute
equally to the analyses. This claim has been challenged in other studies,
also using public IceCube data [159].

The lower end of the neutrino energy spectrum detected by IceCube is
dominated by atmospheric muons and neutrinos, and a possible signal
might be indistinguishable from this overwhelming background. There-
fore, other studies have focused on samples of high-energy neutrinos.
Recently, a 3.23σ evidence that high-energy neutrinos are correlated with
the positions of Fermi-LAT blazars was found [125]. This indicates that,
although blazars cannot account for the total astrophysical neutrino flux,
and the gamma-bright blazars do not dominate, they could produce a
substantial part of the neutrino flux. This hypothesis is tested in this
thesis with a focus on high-energy neutrinos, as will be shown in Chapter
9 and Chapter 10.

8.3.1 TXS 0506+056

As introduced in Chapter 4, the first evidence of an astrophysical neutrino
source was the blazar TXS 0506+056, which was spatially coincident
with the neutrino alert event IC170922A [62]. The source was located
inside of the error region of the neutrino, at a distance of 0.1 deg from its
best-fit reconstructed direction.

The IC170922A alert was followed-up by telescopes across a wide range
of wavelengths. The detection of a factor of 6 increase in the gamma-ray
flux of the blazar TXS 0506+056 was reported soon after by the Fermi-LAT
Collaboration [160]. Not only the gamma-ray activity in the GeV range
was enhanced, but also at higher energies, with detected photons of up
to 400 GeV coming from the source direction [161].

To assess the probability to obtain a correlation between a neutrino
similar to IC170922A with a flaring blazar by chance, the 28-day binned
gamma-ray light curves above 1 GeV from 2257 extragalactic Fermi-
LAT sources were used, along with simulated neutrino alerts. Several
models for the correlation of the neutrino and gamma-ray fluxes are
tested, all of which consider that the same hadronic interactions that
produce high-energy neutrinos in the source also produce at least part
of the gamma-ray flux. Three hypotheses were tested: first, a linear
correlation to the instantaneous high-energy gamma-ray flux; second, a
linear correlation to the very-high-energy gamma-ray flux; and third, a
temporal correlation with the variability in the gamma-ray light curve.
The chance coincidence in each of these three analyses, with corrections
made to account for the multiple tests, is rejected at the 3σ level [62].

After the detection of the IC170922A neutrino, an archival search for
neutrino emission from TXS 0506+056 was performed [63]. 9.5 years of
data were analyzed, looking for a temporal clustering of events around
the source position. An excess of 13 ± 5 neutrinos with respect to the
expected background was found between September 2014 and March
2015, with a neutrino flare duration of 158 days. The final significance
was 3.5σ, accounting for all the time windows tested. The second most
significant time window includes the IC170922A event, but no other event
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contributes significantly to the result. Based on these measurements,
the neutrino energy flux from the source has a calculated index of
γ � 2.1 ± 0.2.

During this neutrino flare, TXS 0506+056 was in a quiescent state, with
no enhanced gamma-ray activity. This seemingly contradicting picture
has been studied in detail. The leptohadronic modelling of the source,
motivated by the observed X-ray emission, predicts more than 0.14
neutrino events with E > 120 TeV in the half-year period of gamma-
ray flare activity, which implies a probability < 10% of detecting such
a neutrino [162]. This is still consistent with a signal correlation after
correcting for the Eddington bias expected for a single astrophysical
neutrino detection [163]. However, theoretical modelling of the neutrino
flare of 2014-2015 along with the quiescent state of TXS 0506+056 has
proven to be more challenging, with no conclusive solution so far [164,
165].

One hypothesis is that TXS 0506+056 belongs to a subclass of blazars
with shared characteristics, that produce neutrino flares once in 10 years.
If this subset includes just 5% of the blazars, it can accomodate the
neutrino flux measurements without overshooting it [166]. Measuring
such a population of sources would require a larger neutrino telescope
and more years of data to get the necessary statistics, so this question
remains open to this day and could potentially be answered by a future
generation of telescopes, such as IceCube-Gen2 [65].

8.4 Other radio-loud AGNs as neutrino sources

8.4.1 Cores of luminous AGNs

Blazar jets are not the only suggested candidate objects for neutrino
emission. Neutrinos can also be produced in the accretion disk or the
corona region, from the interaction of cosmic rays [167]. The neutrinos
would be able to escape this optically thick region, but the GeV and TeV
gamma rays would be absorbed and reemitted at lower energies. This
motivated a search for neutrino emission from the cores of AGNs, for
which all possible blazars in the selected samples were removed to search
for neutrino emission from the cores and not the jets [168]. The neutrino
flux in the analysis is assumed to be proportional to the accretion disk
luminosity, which is in turn proportional to the soft X-ray flux.

The catalogs studied in this analysis were selected based on their radio
and infrared luminosities. The radio-selected AGN catalog contains
sources with a flux density above 10 mJy at 1.4 GHz. This cut removes
most of the non-active star-forming galaxies, since luminous radio sources
are usually AGNs, that emit synchrotron radiation in the accretion disk
or the radio jets. The infrared wavelength is used to select AGNs that
could be hidden from short-wavelength surveys because of reddening
and obscuration by dust, which would reprocess the emission from
the accretion disk into the infrared. The sources in each catalog were
cross-checked with the Fermi-LAT 3LAC catalog to remove all gamma-ray
blazars.
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the sources coincident with the selected neutrinos is as high as observed
is found to be 0.2%. A more detailed discussion of this publication can
be found in Chapter 10, where their results are also cross-checked with
the method developed in this thesis. Another 14 high-energy neutrinos
were added in a later study [127], with an updated chance coincidence of
3 × 10−4 after correcting for the multiple tests.

A follow-up analysis [170] searched for flares of neutrinos at lower
energies in coincidence with the neutrinos from Ref. [127] that had
a blazar counterpart. The chance probability using IceCube’s public
data [106] was calculated to be 3.6 × 10−4.

Motivated by the results of Ref. [126], the authors extended the analysis
to a wider neutrino energy range using a public data set of IceCube
neutrino events [171]. For the candidate sources, a more updated version
of the RFC catalog (RFC 2020b) is used, and the sources are selected
with a minimum flux density integrated over VLBI images at 8 GHz of
S8GHz ≥ 150 mJy and a declination of dec > −5 deg. The neutrino sample
that is used in this analysis is a skymap of p-values located on a grid.
These values represent the probability that a clustering of events in a sky
location is rising from background fluctuations. The logarithm of this
p-value at the location of each AGN is used to study the significance of the
correlation, which is finally calculated to be at 3σ level. The combination
of this result with the previous one [126] leads to a final significance of
4.1σ.

A subsecquent analysis tested the same hypothesis, using a different
public neutrino data set released by IceCube [172]. In this data release,
instead of a p-value map, the reconstructed direction and energies of
the individual events were published. In this study, they analyze the
neutrino emission from individual sources and the overall contribution
from AGNs from the RFC catalog, using the same version and selection
criteria as Ref. [171]. However, none of the sources significantly emit
high-energy neutrinos, and the final result combining all contributions is
compatible with the background, in disagreement with what was found
in Ref. [171].

8.5 Radio-quiet AGNs as neutrino sources

Although the search for radio-loud AGNs as neutrino sources is well
motivated by the intense luminosities and the extreme particle acceler-
ation that occurs in them, radio-quiet AGNs are also of great interest
for neutrino astronomy [173]. Models for neutrino production in Seyfert
galaxies assume that the observed X-ray photons are produced via Comp-
ton scattering in the corona, which acts as a target for the neutrino
production and the gamma-ray absorption [174, 175].

In a recent study, IceCube found evidence of neutrino emission in the
nearby Seyfert 2 galaxy NGC 1068, with a global 4.2σ significance [64].
There is an excess of 79+22

−20 muon neutrinos consistent with the direction
of the source, which is 0.11 deg away from the best-fit position of the
clustering. This analysis fits the spectral index for the neutrino flux
at γ � 3.2 ± 0.2, assuming an unbroken power law of the spectrum.
The result is much softer than the best-fit diffuse astrophysical flux
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Figure 8.4: Neutrino fluxes multiplied by
the energy squared for NGC 1068 (blue
line), TXS 0506+056 (orange line) and dif-
fuse neutrino background (brown data
points and gray band), given for a sin-
gle flavor of neutrinos and antineutrinos.
Plot from [64], diffuse flux data from
[177] and [178].
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(γdiff � 2.52 ± 0.04) [176] and the flux calculated for the neutrino flare of
TXS 0506+056 (γTXS � 2.1 ± 0.2), and is mainly driven by neutrinos from
1.5 to 15 TeV. NGC 1068 and TXS 0506+056 contribute only ∼ 1% of the
total diffuse flux in their respective energy ranges (shown in Figure 8.4).
This indicates that there are at least two different populations of neutrino
sources, given the variations in spectrum and distances between these
two sources. These two populations could have orders of magnitude
difference in density and luminosity [64].

Motivated by this result, other analyses that search for correlations of
Seyfert galaxies and neutrino data have been developed in IceCube, select-
ing sources in the Northern [179] and in the Southern [180] hemispheres.
For the Northern hemisphere, the significance is below the 3σ threshold,
while for the Sourthern hemisphere only sensitivies have been published
so far. However, other analyses that use public IceCube data claim the
discovery of Seyfert galaxies as neutrino sources [181]. The baseline
assumption is that the expected neutrino flux from a Seyfert galaxy can
be estimated using the neutrino signal of NGC 1068 as a template. Two
sources (in addition to NGC 1068) are then expected to be detectable in
10 years of IceCube data, and they observe a high-significance excess of
neutrinos coming from the direction of both, with a chance coincidence
probability of 2.6 × 10−7.
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IceCube’s neutrino alert events have been of great interest to the mul-
timessenger community as they allow for prompt follow-up searches.
The possibilities of such realtime analyses became obvious with the
detection of the IC170922A alert in coincidence with a flare from the
blazar TXS 0506+056 (more details in Chapter 4 and Chapter 8), but
this has not been the only alert event with potential electromagnetic
counterparts. Other, less significant correlations of blazars with neutrino
alerts are, for example, IC190730A and PKS 1502+106 (introduced in
Chapter 4), IC141209A and GB6 J1040+0617 [182], and IC201021A and
PKS 1725+123 [183].

The individual correlations can be combined to calculate the overall
probability of different candidate source classes producing high-energy
neutrinos. Past studies used only the publicly available information on
the alerts, e.g. correlations with radio-selected AGNs in [126, 127], with
blazars in [125]. In this thesis, a new method to search for correlations of
high-energy neutrino alert events and potential candidate sources was
developed. It is more sensitive to the signal than previous analyses, since
it uses the likelihood landscapes that are produced by the reconstruction
method from the realtime program, which were not made public and
only available to IceCube collaborators at the time when the analysis
technique was designed.

This analysis method and the results presented in Chapter 10 were
partially published in The Astrophysical Journal [184].

9.1 Hypothesis testing

In order to know if the result of an analysis is due to correlations that
arise from background fluctuations and are simply coincidential, or if
they are the product of a physical process, a proper statistical treatment
of the data is needed. In IceCube, this is done by hypothesis testing, where
one tries to determine which hypothesis describes the data better. The
null hypothesis is the default for a typical hypothesis test and expects
no physical correlation between sources and data. The signal hypothesis

depends on the analysis and describes the underlying physics that is
the object of study (here, candidate sources producing high-energy
neutrinos).

The procedure for a test starts with the assumption that the null hypothesis
describes the data correctly, and a Test Statistic (TS) is defined to quantify
the truth of this statement. If the TS value of the data is above a certain
pre-defined threshold, the null hypothesis is rejected. However, this does
not mean that the signal hypothesis is correct, but simply that the result is
unlikely to arise by chance. On the other hand, for a TS value lower than
the threshold, the null hypothesis cannot be rejected, which does not
mean that the signal hypothesis is incorrect either, only that we cannot
confidently say that the null hypothesis is false.
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[185]: Neyman et al. (1933), ‘On the Prob-
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The threshold is defined so that the probabilities of both rejecting the null
hypothesis when it is true (Type I error, or false positive) and not rejecting
it when it is false (Type II error, or false negative) are as low as possible.
There has to be a compromise between both, since it is not possible to
make them infinitesimaly small at the same time. However, the Type I
error is “riskier”, since we could wrongly claim to have discovered signal,
thus the threshold is usually chosen to minimize this error. The rate of
Type I error that we expect from an analysis is represented by a p-value,
which is the probability of obtaining the observed result, assuming the
null hypothesis is true. To claim a discovery, the typical threshold in
particle physics is a significance of the result of 5σ (p-value ≈ 3× 10−7).

9.2 Stacking analysis

The statistical significance of the overall correlation between neutrino
alert events and various candidate source classes is calculated using a
stacking analysis technique. Each neutrino is treated independently, and
then the contributions from all of them are added up together to obtain
a final TS. The signal hypothesis is that the neutrino is produced by a
coincident source from the candidate source class. The alternative null
hypothesis is that the neutrino does not originate in any of the sources
from the catalog being tested.

The likelihood function L represents the probability of observing the
data given a hypothesis, and allows us to quantify the truth of said
hypothesis. The standard Point Source Likelihood is the weighted sum of
a signal Probability Density Function (PDF), S, and a background PDF,
B,

L �
nS

N
S+

(
1 −

nS

N

)
B, (9.1)

where nS is the number of signal events and N is the total number of
signal and background neutrino events. The most powerful choice for
the TS is the ratio between the likelihood of observing the data given the
signal hypothesis and given the background hypothesis [185], and for a
single neutrino i (N � 1) is defined as

TSi � 2 log

(
L(nS � 1)

L(nS � 0)

)
� 2 log

Ŝ

B
. (9.2)

Treating each neutrino independently, the signal hypothesis is tested for
each source b in the source catalog, and the TS per neutrino is simply the
contribution from the most likely counterpart. If TS < 0, the background
hypothesis is chosen, i.e. TS = 0. The signal PDF is calculated as

Ŝ� maxb(Ssignalness,ν · Sspatial,ν( ®xb) · wb), (9.3)

where the index b runs over all sources in the sample. The first term,
Ssignalness,ν , is the signalness of the neutrino, as defined in Chapter 4,
and acts as a weight for the event. The neutrino point-spread function,
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fraction of alert events to be injected is chosen. The number of correlations
is calculated assuming a Poisson distribution centered around the number
of events corresponding to that fraction. Then, the sources and the
neutrinos that will be correlated are randomly selected, weighted by wb

and Ssignalness,ν , respectively. For each correlation (each pair neutrino-
source), the source direction is changed to a random position inside
of the neutrino error contour, according to the Sspatial,ν( ®xb) distribution.
Therefore, the source gets preferably injected closer to the neutrino best-fit
position. These steps are sketched in Figure 9.3. Each neutrino has only
one correlated source, and is not used in the other correlations within
the trial. Once all the correlations have been injected, the TSi of each
neutrino (Equation 9.2) is calculated using Equation 9.3.

9.3.3 Unblinding process

The analyses in the IceCube collaboration are done in a blind manner:
they are designed and developed without using the real data to avoid
fine tuning the method to find a significant result. The sensitivity and
discovery potential are therefore the only metrics used to validate the
analysis. Once the method shows that it can perform well with simulated
or scrambled data, and after an internal review within the collaboration,
the data is ready to be unblinded, leading to a measured TS value. The
background trials are reutilized to calculate the p-value of the observation
after unblinding.

9.3.4 Analysis software

The analysis technique was developed as a python package by the author
in collaboration with R. Stein. It was designed in a way that allows an easy
change of source catalog, so that new analyses would be possible with
minimal modifications. The trials were run on the IceCube’s computing
cluster, and the calculation of sensitivities and discovery potentials take
on average less than 10 CPU hours for the analyses presented in Chapter
10.
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Figure 10.1: Cross-section of Fermi-LAT.
Credits: NASA’s Goddard Space Flight
Center.
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The method developed for this thesis and presented in Chapter 9 to search
for correlations of high-energy neutrino alerts and candidate sources is
used to analyze two catalogs: gamma-ray blazars and radio-loud Active
Galactic Nuclei (AGN). With the first catalog, two weighting schemes
are considered, which are related to the neutrino production mechanism
that is assumed. In total, three stacking analyses are performed. In this
Chapter, the catalogs are introduced and motivated, and the results are
shown and discussed. Moreover, the findings are compared to a previous
study by other scientists based on public IceCube data.

10.1 Samples

10.1.1 IceCube’s neutrino alert catalog

The IceCube Event Catalog of Alert Tracks-1 (IceCat-1) [124] (introduced
in Chapter 4) includes 275 track-like events that fulfill the selection
criteria for realtime alerts and were processed identically. In the accom-
panying publication [124], a simple directional correlation analysis is
also performed, that searches for spatial coincidences between neutrino
alerts and sources from some of the most common gamma-ray and
X-ray catalogs: the 4FGL-DR2 [186] and 3FHL [155] catalogs, the 3HWC
catalog [187], TeVCat [188] and the Swift-BAT catalog [189]. They find
that the number of coincidences is consistent with the null hypothesis of
chance coincidences. The stacking analysis presented in Chapter 9 is more
sensitive to potential signal, since it includes additional information of
the alert event and the candidate counterpart, and adds the contributions
from each individual neutrino-source pair.

10.1.2 Fermi-LAT sources

The Fermi Gamma-Ray Space Telescope is a space observatory that detects
photons in the 10 keV to 300 GeV energy range. The main instrument on
board is the Large Area Telescope (LAT) [39], which detects radiation
from 30 MeV to 300 GeV via pair conversion. The photons pass through
an anticoincidence shield, which acts as a veto for cosmic rays since it
is sensitive to charged particles. Then, the photons traverse thin layers
of tungsten material, called conversion foils, where they create electron-
positron pairs. The direction and energy of these are measured with
silicon-based particle tracking detectors and a calorimeter, respectively.
The signal signature requires no charged particle in the anticoincidence
shield, two tracks starting from the same position inside of the detector,
and an electromagnetic shower. Fermi-LAT has a field of view of over 2
steradians and a source location resolution of less than 1 arcminute. An
schematic cross-section of Fermi-LAT can be seen in Figure 10.1.



106 10 Results of the stacking analyses

[40]: Meegan et al. (2009), ‘The Fermi
Gamma-Ray Burst Monitor’

[190]: Ajello et al. (2020), ‘The Fourth Cat-
alog of Active Galactic Nuclei Detected
by the Fermi Large Area Telescope’
[191]: Lott et al. (2020), ‘The Fourth Cata-
log of Active Galactic Nuclei Detected by
the Fermi Large Area Telescope – Data
Release 2’

Table 10.1: Number of sources of each
AGN type in the 4LAC-DR2 catalog.

AGN Type Number
BL-Lacs 1236
FSRQs 707

Blazars (unknown) 1120
Non-blazars 68

The secondary instrument on Fermi, the Gamma-Ray Burst Monitor
(GBM) [40], provides spectral coverage of gamma-ray bursts down to
10 keV. It consists of 12 detectors that detect X-rays and low-energy gamma
rays with a field of view that covers the entire sky not occulted by the
Earth. The detectors are located on opposite sides of Fermi and facing
different directions, so that the arrival direction of the burst can be
triangulated using the event rate detected by each detector.

One of the two catalogs considered for the analyses presented here is
the incremental version of the Fourth Catalog of Active Galactic Nuclei
detected by Fermi-LAT (4LAC-DR2, for Data Release 2) [190, 191]. It
contains all AGNs detected by Fermi-LAT between 2008 and 2018 at
high galactic latitudes b (|b | > 10 deg). This catalog is preferred to the
4FGL catalog that covers the whole sky, since the sensitivity of Fermi-LAT
decreases at low latitudes, and so does its angular resolution. Moreover,
the classification of AGNs is very uncertain at low latitudes, because the
radio and X-ray surveys are affected by contamination from the Galactic
Plane. From 4LAC-DR2, only blazar candidates are selected (BL-Lacs,
Flat Spectrum Radio Quasars and blazar candidates of unknown types),
which represent 98% of the catalog, as can be seen in Table 10.1.

Isotropy study

One of the conditions that goes into the definition of the Test Statistic
(TS) is that the distribution of sources in the sky is isotropic. To fulfill
such condition, the catalog was further refined. Several selection criteria
were applied to the gamma-ray energy flux F � (dN/dEdAdt)E2, which
is obtained by spectral fitting from 100 MeV to 100 GeV. Cuts on the
brightness of the energy flux were studied, from log F � −11.6 to log F �

−12.0, in steps of 0.1 in log F. For each cut, the sources are weighted
by their energy flux, and the longitude and latitude distributions were
compared to those of a uniform distribution with the same number of
sources. The cut on latitude of |b | > 10 deg that is present in the catalog
is also maintained in the isotropy studies. The results are shown in
Figure 10.2 and Figure 10.3. The colored histograms show the real data.
The black points with error bars are the mean and standard deviation
of 200 MC uniform distributions, each of them weighted by a random
energy flux distribution with the same cumulative distribution as the
real data. Table 10.2 contains the surviving number of blazars after each
cut on log F, the cumulative energy flux from the surviving blazars
normalized by the total cumulative energy flux, and the p-value of a χ2

test comparing the MC uniform distribution to the data distribution for
each coordinate.

A second isotropy study was performed to check if the distance between
blazar pairs correspond to a uniform distribution of sources in the sky.

Table 10.2: Isotropy studies of Fermi
4LAC-DR2 catalog. Cut on log F Surviving

∑surviving F∑total F
p-value (l) p-value (sin(b))

−12.0 3018 1.00 0.73 0.49
−11.9 2932 1.00 0.73 0.48
−11.8 2754 0.99 0.73 0.45
−11.7 2461 0.97 0.66 0.43
−11.6 2089 0.94 0.60 0.40
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10.3 Results

Figure 10.8 shows the results for the three analyses performed. In each
Panel, the blue histogram is the TS distribution of 5000 background
trials, using the corresponding catalog and weighting scheme, fitted to a
gamma distribution (blue line). The orange vertical line represents the
TSdata, from which the p-value is calculated.

Table 10.3, Table 10.4 and Table 10.5 show the 10 most significant cor-
relations in the data for each of the analyses, i.e. the neutrino-blazar
pairs with the highest TSi . The first column is the neutrino using the
nomenclature of the realtime program, the second column is the signal-
ness of each neutrino, the third column is the J2000 name of the most
likely counterpart, the fourth column is the angular distance d between
the candidate source and the neutrino (calculated as the angle between
the two sightlines) and the last column is the contribution TSi of each
correlation to the final TSdata.

Finally, the 50% and 90% C.L. uncertainty contours for each of the 10
most significant correlations in each analysis are shown in Appendix
D.

10.3.1 Fermi 4LAC-DR2 with average energy flux

The result of the analysis with 2089 selected blazars from Fermi 4LAC-
DR2 weighted by the average 10-year energy flux is compatible with the
null hypothesis. The TSdata, which is equal to 131.3, can be explained
by the background-only scenario, as can be seen in Figure 10.8 Panel
(a). This leads to a p-value of 0.248 when compared to the background,
whose median is 120.4.

Table 10.3 shows the 10 most significant correlations in the data. The two
strongest correlations (TXS 0506+056 with IC170922A and PKS 1502+106
with IC190730A) have been extensively studied, as discussed previously.
The third and fourth most significant correlated blazars are 3C 454.3 and
Mkn 421, two of the brightest sources in the sky, which explains the high
TSi . In both cases, the area of the error region of the associated neutrino is
very large, as can be seen in Figure D.1. The areas of the 90% uncertainty
contours are 26.80 deg2 and 56.07 deg2 respectively, compared to the
median 90% contour area of all alerts which is 5.96 deg2, or the 90%
contour area of IC170922A and IC190730A, of 1.54 deg2 and 5.61 deg2,
respectively.

Neutrino Signalness Blazar d [deg] TSi

IC170922A 63 % TXS 0506+056 0.11 7.43
IC190730A 67 % PKS 1502+106 0.27 7.13
IC120523A 49 % 3C 454.3 0.72 7.12
IC111208A 45 % Mkn 421 0.78 5.63
IC190704A 49 % NVSS J104516+275136 1.04 5.14
IC190504A 39 % NVSS J042025-374443 0.50 4.18
IC200109A 77 % TXS 1100+122 0.36 4.05
IC181014A 39 % PKS 1454-354 0.99 3.87
IC150104A 45 % MG2 J180948+2910 0.50 3.41
IC130127A 61 % PKS B2330-017 0.58 3.17

Table 10.3: The table shows the 10 cor-
relations that contribute most to the TS
of the data using the Fermi 4LAC-DR2
catalog and average flux weights, with
the angular distance d between the candi-
date source and the neutrino (calculated
as the angle between the two sightlines)
and the contribution TSi of each correla-
tion to the final TSdata.
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Neutrino Signalness Blazar d [deg] TSi

IC170922A 63 % TXS 0506+056 0.11 9.43
IC190730A 67 % PKS 1502+106 0.27 5.63
IC111208A 45 % Mkn 421 0.78 5.36
IC130125A 53 % S5 0016+73 1.03 4.87
IC190504A 39 % NVSS J042025-374443 0.50 4.41
IC150104A 49 % MG2 J180948+2910 0.50 4.28
IC111216A 95 % TXS 0222+185 0.51 4.13
IC200109A 78 % TXS 1100+122 0.36 3.96
IC140101A 56 % PMN J1243-0218 1.33 3.81
IC181014A 39 % PKS 1454-354 0.99 3.54

Table 10.4: The 10 correlations that con-
tribute most to the TS of the data us-
ing the Fermi 4LAC-DR2 catalog and
monthly flux weights.

Neutrino Signalness AGN d [deg] TSi

IC120523A 49 % J2253+1608 0.72 5.62
IC170922A 63 % J0509+0541 0.12 5.41
IC190730A 67 % J1504+1029 0.28 5.21
IC150812B 83 % J2151+0552 0.47 4.12
IC141110A 29 % J1652+0618 0.26 3.51
IC150428A 32 % J0204+1514 0.44 3.48
IC130125A 53 % J0019+7327 1.02 3.19
IC170422A 39 % J1550+0527 3.29 3.05
IC140307A 40 % J2025+3343 1.67 3.02
IC200530A 59 % J1659+2629 0.48 2.99

Table 10.5: The 10 correlations that con-
tribute most to the TS of the data using
the RFC 2022a catalog.
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wavelength and Neutrino Emission from
Blazar PKS 1502 + 106’

median of 158.9. In Table 10.5 the 10 correlations with the highest TS are
shown. It is worth noting that the correlations of TXS 0506+056 with
IC170922A and PKS 1502+106 with IC190730A appear on the list (with
the nomenclature used in the RFC catalog for the AGNs), since they are
both very bright in radio as well.

10.4 Discussion

No significant correlation was found in any of the three analyses per-
formed for this thesis, meaning that the majority of the neutrino alerts
are neither produced in bright or flaring gamma-ray blazars nor in
radio-bright AGNs.

The analyses, and the method itself, rely heavily on the robustness of
the reconstruction. The neutrino spatial PDF depends on the contour
calculation, and the findings presented in this thesis indicate that the
current method that was applied to the IceCat-1 catalog does not achieve
the desired coverage (see Chapter 4, Chapter 5 and Chapter 6). A better
handle on the systematic uncertainties is crucial and might give an
opportunity to revisit this analysis with improved sensitivity.

The results with the Fermi 4LAC-DR2 calatog are, however, compatible
with previous hints of signal from individual sources, e.g. [62, 116]. One
can calculate the expected number of chance coincidences with a TSi

greater than a certain threshold by using the background trials. This is
shown in Figure 10.9 for fixed values of TSi from 0 to 8 as the blue line,
with the 4LAC-DR2 catalog weighted by the average energy flux. The
majority of alert events have TSi � 0, which corresponds to either no
blazar inside the error region of the neutrino, or a very faint and far away
blazar so that the null hypothesis is preferred. The expected number
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Table 10.6: Results from the cross-checks to Ref. [126].

Check p-value Significance

RFC 2022a + IceCat-1
With scaling 0.048 1.67

Without scaling 0.32 0.47

RFC 2019c + Alert-like events
With scaling 0.0043 2.63

Without scaling 0.2 0.84

and without the scaling factors, 1.3 from the quantiles + 0.5 degrees for
systematic uncertainties. Without scaling, the error bars would be the
ones in Figure 10.12 Panel (b), while for the scaled-up contours the error
bars would be as in Figure 10.12 Panel (d). As the TS definition is kept
the same as in Equation 9.2, the signalness is needed. In the selection of
56 alert and alert-like event catalog not all events have a signalness value.
The missing values are assumed to be 45.1%, which is the average of the
IceCat-1 catalog.

The results of the four tests can be seen in Table 10.6. The lowest p-value
of 0.0043 is achieved with the test that is the most similar to Ref. [126],
with the same AGN and neutrino catalogs and using the scaling factors
in the spatial PDF. When the angular errors are not scaled up, the p-
value increases to 0.2, which indicates that the correlations which are
contributing to the TS are from AGNs that are from outside the original
90% contours (note that all the sources inside the error region contribute
the same to the spatial PDF), and would not have been considered for
follow-up observations of dedicated studies. The significance also drops
when more neutrino alert events are added and a newer version of the
RFC catalog is used, although one could argue that the stricter selection
of events in Ref. [126] helps remove the background events.

From the four correlations that drive the result in Ref. [126] (if removed,
the significance drops below 2σ), only the correlation of IC150812B with
the AGN J2151+0552 has a TSi large enough to appear in Table 10.5, when
the original analysis technique introduced in this thesis is used. This pair
is also included in the list of the most significant correlations in the two
tests with the RFC 2019c + alert-like events selection. These are shown in
Appendix D, in Table D.4 and Table D.3, with and without the scaling
factors, respectively. The high TSi value is due to the high signalness of
the neutrino and the high radio brightness of the AGN, of 0.688 Jy.

All of the four most significant correlations from Ref. [126] are found
in the test of RFC 2019c + alert-like events with scaling as expected,
since this is the test that is closest to their analysis. However, they do
not appear if the original uncertainty values are used. The AGNs are,
therefore, outside the initial 90% contours as calculated with Millipede.
The comparison of the simplified contours with and without scaling are
shown in Figure D.4. With the information available and using a larger
sample, the significance of the findings of Ref. [126] gets weaker. The
only hint of excess that is seen with the test that more closely resembles
their analysis disappears when a more sophisticated description of the
spatial PDF for the neutrino events is used.
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Summary and outlook 11
This thesis covered two main projects. In the technical part, the angular
reconstruction method used for realtime track-like alert events is studied.
The work proved that the current procedure to obtain the 90% C.L.
contours leads to under-/overcoverage when individual events are
considered. Based on this result and using the tools and simulations
developed to arrive to that conclusion, new reconstruction methods are
being tested as the next generation for the IceCube’s Realtime System.

The second half of this thesis was devoted to searches for the sources
of the muon-neutrino alert events. A stacking analysis method was
developed that utilizes the information contained in the shape of the
likelihood contours around the best fit of the maximum-likelihood recon-
struction method. This information is included in the neutrino spatial
PDF to enhance the sensitivity of correlation studies between high-energy
neutrinos and source candidates. The neutrino production mechanism
at a candidate source class is considered as well. The observational data
of the source is used as a proxy for the neutrino emission and enters the
analysis as a weight. The method adds up the contributions from all the
alerts to calculate the overall correlation with candidate sources.

Two catalogs of sources were tested, gamma-ray blazars from Fermi-
LAT 4LAC-DR2 and radio-bright AGNs from RFC 2022a. Two different
weighting schemes were considered for the former catalog. In all three
cases, the results were compatible with a background-only scenario.
The contribution of these sources to the flux of astrophysical neutrino
alert events cannot be larger than 1%. Better sensitivity for this analysis
method could be achieved by incorporating the results of the systematic
studies of this thesis discussed in Chapter 5 and Chapter 6. Even further
improvements could be obtained by using the proposed (although still
under discussion) algorithms to substitute the current implementation
of Millipede for alert events (Chapter 7).

Any signal would become stronger with more detections of candidate
sources and neutrinos, optimized selection criteria and better local-
izations. The future generation of telescopes, such as the Cherenkov
Telescope Array (CTA) in gamma rays [195], ULTRASAT in the UV
band [196] or SKA in the radio band [197], will perform all-sky surveys
that will increase the number of objects in the catalogs and our knowledge
of them. They will also be able to follow up the high-energy neutrino
alert events and neutrino sources with enhanced performance.

IceCube-Gen2 [65] is planned to be deployed in the next decade and
will increase the instrumented volume from 1 km3 to ∼ 8 km3. The
extension will consist of 120 new strings with a total of 9600 improved
multi-PMT optical modules that will be able to detect three times as
many photons as the IceCube DOMs [198]. The array of strings will
be sparser than the current one, with an average horizontal spacing of
240 m, and a sunflower geometry to avoid “corridors” of strings, see
Figure 11.1. The in-ice array will also be accompanied by a 500 km2 radio
array deployed near the surface which is optimized for the detection
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Figure 11.2: Expected sensitivity for neu-
trino source searches with IceCube-Gen2.
From [65].
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of >100 PeV neutrinos. This will open the possibility of measuring the
cosmogenic neutrinos produced in interactions of UHECRs and photons
from the cosmic microwave background [199].

This upgrade is of special interest to the IceCube Realtime System because
it increases the sensitivity at high energies (see Figure 11.2), allowing
us to measure more neutrino alert events. IceCube-Gen2 is expected to
detect about 5 times more high-energy track-like neutrino events com-
pared to IceCube. The higher energy of the events will help distinguish
astrophysical neutrinos from atmospheric backgrounds. A 10 PeV muon
will travel on average 17 km before its energy drops below 10 TeV, so a
large instrumented volume is needed to detect a significant part of the
track. The longer lever arm also results in improved angular resolution,
enhancing the significance of a spatial correlation and reducing the
fraction of chance coincidences with optical transients.

IceCube-Gen2 will not be the only neutrino telescope completed in the
following years. KM3NeT [70] in the Mediterranean Sea and the Gigaton
Volume Detector (GVD) [72] in Lake Baikal are under construction. To-
gether with the planned Pacific Ocean Neutrino Experiment (P-ONE) [71]
that is under development, the Southern sky will be observed with high
sensitivity by these new instruments.

Multimessenger astronomy, including the exciting field of neutrino
astronomy, is still in its early stages. However, the future for these areas
of research looks extremely promising. In the coming years, neutrino
astronomy will hopefully become a well-established discipline, enabling
us not only to identify sources of neutrinos, but also to conduct detailed
studies by combining the information from all detectable messengers.
This will broaden our understanding of the universe and facilitate
groundbreaking discoveries.
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126 A GCN Notice and Circular for an example event

A.1 GCN Notice

TITLE: GCN/AMON NOTICE

NOTICE_DATE: Sat 01 Apr 23 16:15:03 UT

NOTICE_TYPE: ICECUBE Astrotrack Bronze

STREAM: 25

RUN_NUM: 137794

EVENT_NUM: 38132005

SRC_RA: 6.9169d {+00h 27m 40s} (J2000),

7.2156d {+00h 28m 52s} (current),

6.2749d {+00h 25m 06s} (1950)

SRC_DEC: +2.8179d {+02d 49’ 04"} (J2000),

+2.9463d {+02d 56’ 47"} (current),

+2.5413d {+02d 32’ 29"} (1950)

SRC_ERROR: 93.25 [arcmin radius, stat-only, 90% containment]

SRC_ERROR50: 36.32 [arcmin radius, stat-only, 50% containment]

DISCOVERY_DATE: 20035 TJD; 91 DOY; 23/04/01 (yy/mm/dd)

DISCOVERY_TIME: 58458 SOD {16:14:18.90} UT

REVISION: 0

ENERGY: 1.1079e+02 [TeV]

SIGNALNESS: 2.7409e-01 [dn]

FAR: 4.1124 [yr^-1]

SUN_POSTN: 10.74d {+00h 42m 58s} +4.62d {+04d 37’ 06"}

SUN_DIST: 3.90 [deg] Sun_angle= 0.2 [hr] (West of Sun)

MOON_POSTN: 144.71d {+09h 38m 51s} +19.38d {+19d 22’ 42"}

MOON_DIST: 132.65 [deg]

GAL_COORDS: 111.17,-59.51 [deg] galactic lon,lat of the event

ECL_COORDS: 7.46, -0.16 [deg] ecliptic lon,lat of the event

COMMENTS: IceCube Bronze event.

COMMENTS: The position error is statistical only, there is no systematic

added.
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A.2 GCN Circular

TITLE: GCN CIRCULAR

NUMBER: 33552

SUBJECT: IceCube-230401A: IceCube observation of a high-energy neutrino candidate

DATE: 23/04/01 17:13:32 GMT

FROM: Cristina Lagunas Gualda at DESY <cristina.lagunas@desy.de>

The IceCube Collaboration (http://icecube.wisc.edu/) reports:

On 23-04-01 at 16:14:18.91 UT IceCube detected a track-like event with a moderate

probability of being of astrophysical origin. The event was selected by the

ICECUBE_Astrotrack_BRONZE alert stream. The average astrophysical neutrino purity

for Bronze alerts is 30%. This alert has an estimated false alarm rate of 4.11

events per year due to atmospheric backgrounds. The IceCube detector was in a

normal operating state at the time of detection.

After the initial automated alert (https://gcn.gsfc.nasa.gov/notices_amon_g_b/

137794_38132005.amon), more sophisticated reconstruction algorithms have been

applied offline, with the direction refined to:

Date: 23-04-01

Time: 16:14:18.91 UT

RA: 8.17 (+4.26/-2.91 deg 90% PSF containment) J2000

Dec: +1.94 (+2.44/-1.96 deg 90% PSF containment) J2000

We encourage follow-up by ground and space-based instruments to help identify a

possible astrophysical source for the candidate neutrino.

There are several Fermi 4FGL or 3FHL catalog sources in the 90% uncertainty

region. The nearest gamma-ray source is 4FGL J0038.1+0012 at RA: 9.54 deg,

Dec: 0.21 deg (2.20 deg away from the best-fit event position).

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating

at the geographic South Pole, Antarctica. The IceCube realtime alert point of

contact can be reached at roc@icecube.wisc.edu
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Figure C.3: Zoomed-in likelihood scans of 6 randomly selected resimulated events of the IC170922A (TXS) neutrino, with the Full
Systematics configuration.
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Figure C.4: Zoomed-in likelihood scans of 6 randomly selected resimulated events of the IC191001A (Bran Stark) neutrino.
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Figure C.5: Zoomed-in likelihood scans of 6 randomly selected resimulated events of the IC200530A (Tywin) neutrino.



D
Additional information to the stacking analyses

In this Appendix, the angular uncertainty regions of the top 10 contributors for each analysis presented in
Chapter 10 are shown in Figure D.1, Figure D.2 and Figure D.3. The grey solid and dashed lines are the 50%
and 90% uncertainty contours, respectively, corresponding to the best fit (black star). All of the sources from
the catalog tested that appear in the area shown in the figures are represented by the colored datapoints. The
source that is the most likely counterpart of each neutrino event is mentioned in Table 10.3, Table 10.4 and
Table 10.5.

Table D.1, Table D.2, Table D.3 and Table D.4 contain the results of the cross-check on a previously published
analysis [126]. In each Table, the 10 most significant correlations of the data are shown. In Table D.3, only 7
correlations appear since there are no more coincidences in the data. The four neutrino events marked in
bold in Table D.4 are the top contributors to the result of Ref. [126], and their uncertainty contours are shown
in Figure D.4. The dashed grey line is the 90% uncertainty contours from the Millipede reconstruction, while
the black solid line is the final contour that is obtained following the scaling procedure, explained in Section
10.5.
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Table D.1: Results from the comparison analysis using RFC 2022a and IceCat-1 catalogs, without scaling of the error contours.

Neutrino Signalness AGN TSi

IC120523A 49 % J2253+1608 5.208
IC160812A 53 % J0555+3948 4.080
IC161127A 45 % J1927+7358 3.778
IC140103A 42 % J0217+7349 3.561
IC190730A 67 % J1504+1029 3.338
IC160924A 51 % J1549+0237 3.242
IC170422A 39 % J1550+0527 3.225
IC140223A 43 % J0741+3112 3.205
IC130125A 53 % J0019+7327 3.138
IC140307A 40 % J2025+3343 3.089

Table D.2: Results from the comparison analysis using RFC 2022a and IceCat-1 catalogs, with scaling of the error contours.

Neutrino Signalness AGN TSi

IC200911A 41 % J0319+4130 5.495
IC120523A 49 % J2253+1608 5.208
IC140122A 46 % J0927+3902 4.840
IC150926A 30 % J1256-0547 4.814
IC150823A 35 % J2136+0041 4.383
IC160812A 53 % J0555+3948 4.080
IC140410A 63 % J0217+7349 3.964
IC181120A 57 % J2202+4216 3.923
IC110930A 43 % J1743-0350 3.843
IC161127A 45 % J1927+7358 3.778

Table D.3: Results from the comparison analysis using RFC 2019c + Alert-like events, without scaling of the error contours.

Neutrino Signalness AGN TSi

IC190730A 67 % J1504+1029 3.277
IC120523A 53 % J1125+2610 2.530
IC150812B 83 % J2151+0552 2.416
IC101113A 45 % J1858+0313 2.114
IC170922A 63 % J0509+0541 1.976
IC171106A 98 % J2238+0724 1.785
IC170321A 24 % J0631-1410 1.278

- - - -
- - - -
- - - -

Table D.4: Results from the comparison analysis using RFC 2019c + Alert-like events, with scaling of the error contours.

Neutrino Signalness AGN TSi

IC150812B 83 % J2148+0657 5.004
IC150926A 30 % J1256-0547 4.818
IC110930A 43 % J1743-0350 3.853
IC110714A 78 % J0432+4138 3.383
IC190730A 67 % J1504+1029 3.277
IC150831A 58 % J0336+3218 3.237
IC151114A 96 % J0502+1338 2.806
IC160128A 15 % J1733-1304 2.759
IC120523A 53 % J1125+2610 2.530
IC131014A 67 % J0211+1051 2.472
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