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Abstract

Astrophysical neutrinos offer a unique window into the most energetic and distant phenom-
enain the universe. Detecting them in coincidence with gamma rays is a central goal of modern
multimessenger astronomy, enabling the discovery of signals that may not be statistically sig-
nificant on their own. IceCube, a neutrino observatory located at the South Pole, plays a key
role in this effort by issuing real-time alerts when high-energy neutrino events are detected.

A key component of this system is the Gamma Follow-Up (GFU) program, which identifies
time-clustered neutrino events potentially associated with gamma-ray sources. Traditionally,
GFU alerts were distributed privately via a legacy system based on email notifications, accessible
only to a restricted network of partner institutions. Dedicated follow-up reports were manually
prepared and sent after the fact, limiting the speed and reach of the information. In recent
years, there has been a growing effort to modernize this process and make GFU alerts publicly
available and easier to access.

This thesis directly contributes to that transition by introducing a modern web-based plat-
form that brings IceCube’s GFU cluster alerts into the public domain: the Flare Watch. This
new platform receives alerts in real time and presents them through an interactive and user-
friendly interface, highlighting their significance, timing, and potential association with astro-
physical sources. In addition to displaying alerts, the system performs on-the-fly statistical anal-
yses, such as dynamic significance curves, providing deeper insights into the temporal evolution
of each source. It also maintains an archival record of alerts, enabling temporal comparisons
and source-specific monitoring. All of this is achieved while remaining fully integrated with
IceCube’s real-time infrastructure, yet lightweight and fully autonomous.

At the time of writing, the IceCube FlareWatch is feature-complete and well-tested, requir-
ing only a brief internal review prior to public deployment. This work marks a concrete step
toward a more open, transparent, and connected multimessenger approach.
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Introduction

The history of high-energy astrophysics began over a century ago, when Austrian physicist Vic-
tor Hess embarked on a series of balloon flights to measure atmospheric ionization [1]. His
1912 discovery of an increase in radiation with altitude marked the first detection of what we
now call cosmic rays—charged particles reaching Earth from outer space. This opened the door
to a new way of studying the universe, beyond visible light.

Since then, astrophysics has evolved into a discipline that observes the cosmos through many
different “messengers”: photons across the electromagnetic spectrum, cosmic rays, neutrinos,
and, more recently, gravitational waves. Each messenger offers a different window into the
physical conditions and processes taking place in extreme astrophysical environments.

One of the central challenges of modern astrophysics is to identify the origin and mecha-
nisms of these high-energy phenomena. While electromagnetic observations provide precise
spatial and spectral data, they are often limited by absorption or background. Cosmic rays,
on the other hand, are charged and therefore deflected by magnetic fields, losing directional

information. This is where the concept of multimessenger astrophysics becomes essential.

I.1 MULTIMESSENGER ASTROPHYSICS

Multimessenger astrophysics aims to combine information from different types of cosmic mes-

sengers such as photons, cosmic rays, neutrinos, and gravitational waves, in order to obtain a



I INTRODUCTION

more complete understanding of the most energetic processes in the universe [2]. Each messen-
ger is sensitive to different physical environments and mechanisms, and their joint detection
can reveal aspects that would remain hidden in single-channel observations.

In the context of this thesis, the focus lies on understanding the origin of high-energy neu-
trinos and their potential connection to gamma rays and cosmic rays. These neutrinos are
expected to originate from hadronic processes occurring in astrophysical accelerators, through
two main channels:

* Photohadronic interactions (p + y), where a high-energy proton collides with a back-
ground photon, producing a delta resonance (A™) [3]:

p+ﬁ

n+at

pty— AT = (1.1)

* Hadronuclear interactions (p + p), where two energetic protons collide, producing
similar secondary particles.

These processes lead to the production of pions. Neutral pions decay into gamma rays, while

charged pions decay into muons and neutrinos:

~° = Y+, rt — {ui +7,(7,) and {ui — et + Ve(¥e) + 9, (v,). (1.2)

Therefore, any source capable of accelerating protons to sufficiently high energies and em-
bedded in radiation or matter fields should produce both gamma rays and neutrinos. This
connection forms the foundation of this multimessenger search strategy.

In addition, some of these energetic protons and heavier nuclei reach the Earth directly,

forming what we observe as cosmic rays.

1.2 CosMmic Rays

Cosmic rays are relativistic ions—mostly protons and heavier nuclei—that travel through space
and reach the Earth [S]. Since they are charged, their paths are strongly aftected by galactic
and extragalactic magnetic fields, making it nearly impossible to trace their arrival direction
back to the source. Their main property is their energy spectrum, which spans many orders of

magnitude and approximately follows a power law in the form of [6]:

dp -,
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Figure 1.1: Energy spectra of high-energy particles compiled from multiple experiments. The cosmic-
ray flux extends across more than ten orders of magnitude in energy. The different curves correspond
to protons (p), antiprotons (), electrons (¢ ™), positrons (¢1), gamma rays (y), and neutrinos (v + ).
Grey bands indicate the approximate detection capabilities of current instruments, and colored data
points correspond to specific observatories listed in the legend. Taken from [4].

where @ refers to the flux and y to the spectral index which is in between 2.5 and 3.3, depending

on energy E. As shown in Figure 1.1, this spectrum shows two main structures:

* The knee (~ 10°-10' eV), where the spectrum steepens from y ~ 2.7 toy ~ 3.1.
This softening is commonly interpreted as the point where galactic magnetic fields can
no longer confine the most energetic cosmic rays, which begin to escape the Galaxy. It

3



I INTRODUCTION

may also reflect the maximum acceleration energy of typical Galactic sources such as
supernova remnants [3].

* The ankle (~ 10'® eV), a spectral hardening that is often interpreted as a transition to
an extragalactic cosmic-ray population [3]. However, its origin is still uncertain. Above
this energy, cosmic rays are called Ultra High Energy Cosmic Rays (UHECR).

At energies above ~ 5 X 10" eV, the flux drops sharply. The origin of this behavior is still
unclear, but is typically justified through the Greisen-Zatespin-Kuzmin (GZK) cut-oft, which
explains this as a consequence of high energy protons interacting with the cosmic microwave
background (CMB) photons via the same photohadronic channel mentioned earlier [7, 8]. On
the other hand, there is also the possibility of this being the maximum energy cosmic accelera-

tors could produce.

1.2.1 EXTENSIVE AIR SHOWERS AND SECONDARY PARTICLE CASCADES

When a cosmic ray reaches the Earth’s atmosphere, it typically interacts with a nucleus at high
altitude, initiating a chain of secondary interactions known as an extensive air shower (EAS).
The primary particle produces pions, kaons and other hadrons, which in turn decay or interact,

generating cascades of particles. The resulting shower has three main components:

* Hadronic component: composed of baryons and mesons, including 7°, #%, and nucle-
ons.

* Electromagnetic component: from the decay of 7° — yy, leading to electromagnetic
cascades.

* Muon-neutrino component: from the decay of 7+ and subsequent muon decays.

This s illustrated in Figure 1.2. The neutrinos and some muons can travel long distances and
even reach detectors underground or under ice, contributing to the atmospheric background
seen in neutrino observatories like IceCube, which will be explained in detail in Chapter 2
and 3.

1.3 GaAaMMA RAays

In addition to neutrinos, high-energy gamma rays are one of the most relevant messengers for

studying hadronic processes in astrophysical sources [10]. Gamma rays are photons, meaning

4
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Figure 1.2: Schematic representation of an extensive air shower initiated by a cosmic-ray primary.
The cascade develops through hadronic and electromagnetic interactions, generating muons, neutri-
nos, photons, and electrons. Modified from [9].

they are not deflected by magnetic fields and can be produced through two classes of mecha-

nisms [11]:

* Leptonic mechanisms: Involving high-energy electrons accelerated in astrophysical en-
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vironments, which can produce gamma rays via inverse Compton scattering oft ambient
photon fields or via synchrotron radiation under the exposure to magnetic fields.

Hadronic mechanisms: Involving the interactions of high-energy protons or nuclei
with ambient gas or radiation. These interactions can generate pions, and the decay
of neutral pions (7° — ¥ + y) produces gamma rays [3]. This channel is particularly
important for multimessenger searches, as it occurs in parallel with the production of
neutrinos via charged pion decay.

Despite their ability to travel in straight lines, gamma rays are subject to energy-dependent at-

tenuation during propagation through space. At energies above a few tens of GeV, gamma rays

begin to interact with the diffuse photon backgrounds such as the CMB and the Extragalactic

Background Light (EBL). These interactions, mainly pair production (y + yp5, — € +¢7),

limit the distance from which gamma rays can reach Earth. The higher the photon energy, the

shorter the horizon of detectability. This propagation constraint defines four observational

regimes [3, 10]:

Low-energy (LE) gamma rays (0.5 MeV to ~100 MeV) interact predominantly via
the photoelectric effect and Compton scattering. In this regime, gamma-ray telescopes
often employ high-Z scintillator crystals, that efficiently absorb photons and re-emit the
energy as visible light. This light is then detected by photomultiplier tubes or silicon
photodiodes, allowing for energy reconstruction. Space-based instruments also include
anti-coincidence shielding to suppress the charged-particle background.

High energy (HE) gamma rays (0.1 GeV to ~100 GeV), which are primarily detected
by pair conversion telescopes, where the incoming photon converts into an electron-
positron pair in a tracker, followed by energy measurementin a calorimeter. Instruments
such as the Fermi Large Area Telescope (Fermi-LAT) [12] operate in this regime, provid-
ing wide field-of-view observations and all-sky monitoring from orbit.

Very High Energy (VHE) gamma rays (0.1 TeV to ~100 TeV), which are detected
from the ground using Imaging Atmospheric Cherenkov Telescopes (IACTs) like the
Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC) [13] in La Palma, Spain,
the High Energy Stereoscopic System (H.E.S.S.) [14] in Namibia, and the Very Ener-
getic Radiation Imaging Telescope Array System (VERITAS) [15] in Arizona. When
these gamma rays enter the atmosphere, they produce electromagnetic showers that emit
Cherenkov light, which is then focused by mirrors onto photomultiplier arrays.

Ultra-High Energy (UHE) gamma rays (above 100 TeV), which are extremely rare
and require observatories with vast effective areas, such as The Large High Altitude Air
Shower Observatory (LHAASO) in Sichuan, China [16]. Due to the strong attenuation
at these energies, only galactic sources, relatively nearby, can be observed in this range.

6



1.4 NEUTRINOS

Because IACTs have a narrow field of view and operate in pointed mode, real-time triggers
from other messengers (such as neutrinos) are essential for maximizing their scientific output.
In this sense, multimessenger coordination enables fast repointing and time-critical follow-up
observations. This synergy is at the heart of the work presented in this thesis and the core of

the real-time system explained in Chapter 3.

I.4 NEUTRINOS

Among all cosmic messengers, neutrinos (v) are particularly valuable for probing the innermost
regions of astrophysical sources. Neutrinos are electrically neutral, nearly massless leptons that
interact only via the weak force. Asaresult, they can escape dense environments where photons
may be absorbed, and travel cosmological distances without being deflected or scattered. This
unique property allows them to carry directional information directly from their production
site.

Neutrinos come in three flavors—electron (), muon (»,), and tau (v,;)—defined by the
charged lepton involved in their interaction. Although the Standard Model originally pre-
dicted them to be massless, experimental evidence of neutrino oscillations—the ability to change
flavor during propagation—implies that they have a small but nonzero mass. There are two

classifications based on their origin:

ATMoOSPHERIC NEUTRINOS. When cosmic rays interact with nuclei in the Earth’s atmo-
sphere, they produce extensive particle showers that include pions and kaons. The decay of
these mesons leads to the production of neutrinos, primarily in the sub-TeV to few hundred
TeV range:
+ + - + + - -
™ =+ (), o —=e + )+ r(v)
These atmospheric neutrinos serve both as a useful probe of neutrino properties, such as oscil-

lations and as a dominant background in the search for astrophysical neutrinos.

AsTrROPHYSICAL NEUTRINOS. At higher energies, neutrinos are produced in astrophysical
environments where cosmic rays interact with surrounding matter or radiation fields. These

interactions generate light mesons (pions, kaons) whose decays yield high-energy neutrinos:

p+y/N— 7t +others = v+ pu+e" +y

7



I INTRODUCTION

This production channel is tightly connected to that of gamma rays via the decay of neutral
pions (7° — y + ). The joint detection of neutrinos and gamma rays therefore provides

compelling evidence for hadronic acceleration processes.

Despite their low interaction probability, neutrinos can be detected through their secondary
products. When a high-energy neutrino interacts with a nucleus in ice or water, it can produce
a charged lepton that emits Cherenkov light as it travels faster than the phase velocity of light
in the medium. Detecting this light provides a way to infer the energy and direction of the

incoming neutrino.

The small cross section of neutrino interactions implies that very large detection volumes are
needed to accumulate significant statistics. This has motivated the construction of large-scale
neutrino telescopes such as IceCube [17] at the South Pole, and the Cubic Kilometre Neutrino
Telescope [18] (KM3NeT) in the Mediterranean.

Neutrinos are elusive, but their clean directional information and hadronic production mech-
anisms make them a powerful trigger for multimessenger follow-up. In particular, at very high
energies, Cherenkov telescopes need to be pointed toward the right region of the sky. Neutrino
alerts, like those generated by IceCube, enable such repointing and provide early warning of
possible cosmic-ray acceleration sites. This is what motivates the technological and scientific

efforts described in this thesis.

1.5 CosMIiCc ACCELERATORS

Identifying astrophysical sources capable of producing high-energy neutrinos, gamma rays,
and cosmic rays is one of the central goals of multimessenger astrophysics. The presence of
high-energy particles implies the existence of powerful acceleration mechanisms operating in
extreme environments throughout the universe. These environments must satisfy the condi-
tions for efficient particle acceleration and provide the necessary targets, such as gas or radiation

fields, for hadronic interactions to occur.

Several classes of objects have been proposed as potential sources. While each exhibits dif-
ferent physical conditions, they all share some key characteristics: compactness, high magnetic

fields, and relativistic motion. Below we summarize the most important ones.

8



1.5 CosMIC ACCELERATORS

1.s.1 AcTIVE GArLACTIC NUCLEI AND BLAZARS

Active Galactic Nuclei (AGN) are among the most luminous persistent sources in the universe.
Powered by accretion onto supermassive black holes (mass in the range of 10° —10°4,), AGN
produce intense electromagnetic emission and, in some cases, launch relativistic jets. When
these jets are aligned with our line of sight, the source is classified as a blazar, which exhibits
variability across the entire electromagnetic spectrum [10, 19].

Blazars are compelling candidates for high-energy neutrino production due to their energetic
jets and dense photon fields. Hadronic interactions between accelerated protons and ambient
radiation can generate charged and neutral pions, leading to the production of both neutrinos
and gamma rays. This mechanism has been investigated in the context of events such as the
2017 IceCube neutrino alert regarding a gamma-ray flare observed from TXS 0506+056 [20].

However, recent observations suggest that gamma-ray brightness is not a prerequisite for
neutrino emission. The nearby Seyfert IT galaxy NGC 1068 was emerged as a promising neu-
trino source despite its gamma-ray faintness [21]. In this case, the high-energy photons are
believed to be absorbed or reprocessed into X-rays by the dense material near the AGN core,
while neutrinos escape unimpeded. This challenges prior assumptions and motivates broader

searches across the electromagnetic spectrum, especially in X-rays.

1.5.2 SUPERNOVA REMNANTS

Supernova explosions drive powerful shock waves that can accelerate particles via first-order
Fermi acceleration [22]. These shocks expand into the interstellar medium and can produce
cosmic rays up to at least PeV energies. In the presence of dense molecular clouds, hadronic
interactions can also generate gamma rays and neutrinos.

Recent gamma-ray observations of supernova remnants (SNRs) by Fermi-LAT have con-
firmed the decay of neutral pions in these environments, supporting their role as galactic cosmic-
ray accelerators [23]. While SNRs are not expected to be strong extragalactic neutrino sources,

they provide a crucial benchmark for understanding acceleration processes.

1.s.3 GaMMA-RAY BURSTS

Gamma-Ray Bursts (GRBs) are transient events that release enormous amounts of energy in
short timescales [10, 3]. Long-duration GRBs are associated with the collapse of massive stars,

while short GRBs are linked to the merger of compact objects such as neutron stars. Both sce-

9



I INTRODUCTION

narios involve relativistic jets and intense radiation fields, making them ideal sites for hadronic
processes and efficient particle acceleration.

The potential of GRBs as high-energy neutrino sources has motivated extensive searches
with detectors like IceCube. So far, no statistically significant association has been confirmed,
but their short durations and high energies make them important targets for real-time neutrino
follow-up observations.

A recent benchmark case is GRB 221009A, the brightest gamma-ray burst ever observed,
which triggered an extensive multimessenger follow-up campaign [24]. The IceCube Collab-
oration searched for neutrinos from this event over a wide range of energies, from MeV to
PeV, using several dedicated analysis channels [25]. No neutrinos were detected, but the study
set strong upper limits on how many neutrinos could have been emitted. These limits are im-
portant because they constrain the efficiency of particle acceleration in GRBs and help test

theoretical models that predict neutrino production in these extreme environments.

1.6 CONTEXT

Each of these source classes contributes differently to the flux of neutrinos, gamma rays, and
cosmic rays observed at Earth. However, detecting and associating individual neutrinos with
their source remains a significant challenge due to their low interaction cross section and the
presence of atmospheric backgrounds.

To address this, large-scale detectors like IceCube can operate in coordination with other ob-
servatories across the electromagnetic spectrum. Notably, ground-based gamma-ray telescopes
such as MAGIC, H.E.S.S., and VERITAS face limitations due to weather, moonlight, and lim-
ited fields of view. These collaborations have explicitly requested extended source context to
better decide whether to follow up neutrino alerts after delays.

In parallel, the observation of neutrino emission from NGC 1068, an X-ray bright but
gamma-ray faint AGN, highlights the need to broaden the search space and encourage partici-
pation from observatories at all wavelengths. This realization has sparked a shift toward public
dissemination of neutrino alerts, allowing fast and open multimessenger campaigns across the
globe.

The development of a web-based platform for real-time GFU public alerts potentially associ-
ated with sources, as explored in this thesis, is a direct response to these scientific and logistical

motivations. The next chapter introduces the IceCube Neutrino Observatory, the detector at

10



1.6 CONTEXT

the heart of this effort. Chapter 3 presents the architecture of IceCube’s real-time alert system
and the types of alerts it produces. Chapter 4 details the design and implementation of the
web-based platform, followed by Chapter S, which describes the statistical analysis and visu-
alizations developed to interpret incoming alerts. Finally, Chapter 6 offers a summary of the
results and discusses future improvements. Additional implementation details and validation

results are provided in the appendices.

11






The IceCube Neutrino Observatory

The flux of astrophysical neutrinos follows a power-law spectrum with a negative spectral index,
resulting in a steep decline at the higher energies (as discussed in Section 1.2). Detecting a sta-
tistically significant number of weak interactions in this regime requires a detector with a large
active volume, long observation time, and a transparent medium to reconstruct the charged
secondaries via Cherenkov radiation.

Since the 1980s, several detectors have been proposed that exploit naturally transparent en-
vironments to observe high-energy neutrinos. Early efforts included the Deep Underwater
Muon And Neutrino Detector Project (DUMAND) project, which attempted to deploy pho-
tomultiplier arrays across one cubic kilometer of ocean near Hawaii [26]; the Baikal experi-
ment has been operating under the Siberian lake since 2003 [27]; the Astronomy with a Neu-
trino Telescope and Abyss Environmental Research (ANTARES) [28] and, more recently,
KM3NeT [18] use the Mediterranean Sea; finally the Antarctic Muon And Neutrino Detec-
tor Array (AMANDA) [29] demonstrated the suitability of Antarctic ice and laid the ground-
work for IceCube [17]. These efforts culminated in the realization that achieving a sufficiently
large instrumented volume—on the order of one cubic kilometer—was essential to reach the
sensitivity needed for detecting astrophysical neutrinos. These efforts shared a common de-
sign philosophy: the key to detecting the faint flux of astrophysical neutrinos lies in the total
instrumented volume. This concept was further shaped by the theoretical Waxman-Bahcall
bound [30], which places an upper limit on the diffuse neutrino flux from sources capable

of accelerating ultra-high-energy cosmic rays. Achieving sensitivity near this bound requires

13



2 THE ICECUBE NEUTRINO OBSERVATORY

a detector with an active volume on the order of 1 km?, a scale that became reality with the
completion of IceCube in 2010. As the first observatory capable of detecting neutrino fluxes
at the level predicted by this bound, IceCube’s observation of a diffuse astrophysical neutrino
flux provides strong evidence for the viability of neutrino astronomy and validates decades of

theoretical and experimental effort [31].

2.1 DETECTOR DESIGN

IceCubeis located at the Amundsen—Scott South Pole Station (see Figure 2.1b). Between 2005
and 2010, 86 holes approximately 60 cm in diameter were drilled using hot water, and 5,160
Digital Optical Modules (DOMs) were deployed between depths of 1,450 m and 2,450 m. The
site was selected primarily for its enormous ice volume and its exceptional optical clarity, due

to the pressure-driven removal of air bubbles during glacial compression [32].

ANTARCTIC
PENINSULA

EAST
ANTARCTICA

Bellingshausen

South Pole Scott-Amundsen
research station
WEST
ANTARCTICA

Amundsen
Sea

1000km

400 miles

(a) Picture of the IceCube Lab (b) Position of the observatory in the Antar-
tica continent.

Figure 2.1: Picture of the IceCube Lab [33] (left) and geographical map of Antarctica [34] (right)
showing the location of the Amundsen—Scott South Pole Station, where the observatory is installed.

The operating principle of IceCube relies on detecting Cherenkov light emitted when muons,

taus, or electromagnetic/hadronic cascades propagate at superluminal speeds through the ice.

2.1.1 CHERENKOV RADIATION

When a charged particle travels faster than the speed of light in a medium (not in vacuum), it

produces a shock wave of light, analogous to a sonic boom. This phenomenon, discovered by
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Pavel Cherenkov in 1934 [35], results in a light cone whose opening angle & satisfies [3]:
1
pn’

where 8 = v/cand n is the refractive index of the medium.

cosfc = (2.1)

In Antarctic ice, where 7z ~ 1.32, this yields an angle of approximately 41° [36]. The emitted
photons are mostly in the range 300-600 nm, well within both the transparency window of
the ice [32] and the peak sensitivity of the DOM:s [37].

2.1.2  Dicitar OrticAL MODULES

The core sensing elements of the detector are the DOMs, a 33 cm diameter glass sphere that
houses all the components required to transform individual photons into digitized signals [37].

Each DOM contains a 25 cm Hamamatsu R7081-02 photomultiplier tube (PMT), which
operates via the photoelectric effect: incoming photons strike the photocathode, ejecting elec-
trons that are then amplified through a cascade of dynodes. The result is an electrical pulse on
the order of nanoseconds and tens of millivolts [38]. The quantum efficiency—i.e., the proba-
bility that an incident photon produces photoelectrons—peaks at 25-34% around 390 nm. A
u-metal shield (an alloy made of nickel and iron) surrounds the PMT to suppress the Earth’s
magnetic field (~ 60 ¢T at the South Pole) and prevent deflection of the electron trajecto-
ries [37].

The analog signal is processed by the DOM’s Main Board, which provides high-voltage
power to the PM T, manages timing, and performs digitization. A very low threshold (0.25 pho-
toelectrons) is used to trigger readout. Upon triggering, the DOM stores 75 ns of pre-trigger
and 6.4 us of post-trigger data. Two parallel systems digitize the waveform:

* An Analog Transient Waveform Digitizer (AT WD) operating at 300 MegaSamples per
second (MS/s) captures the fast component,

* A fast Analog-to-Digital Converter (FADC) at 40 MS/s records slower tails.

This dual system enables the detection of signals ranging from a single photoelectron to
high-charge pulses generated from many photons from a large energy deposition.

Each DOM also includes a secondary circuit, the flasher board, containing twelve ultrafast
LED:s. These can be triggered on command to emit known light patterns, used to calibrate the

optical properties of the ice [39].
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Figure 2.2: Internal components of an IceCube DOM. It houses a PMT and multiple printed circuit
boards responsible for high-voltage supply, signal digitization, triggering, calibration, and timing. The
u-metal grid protects the PMT from Earth’s magnetic field, and the flasher board contains 12 LEDs
used for in situ optical calibration. Taken from [37].

They are also connected through a copper and fiber-optic cable that runs up to the surface.
These cables transmit both power and data. At the surface, all strings terminate in the IceCube

Laboratory (Figure 2.1a), which houses synchronization, readout, and control electronics.

2.1.3 INSTRUMENTED GEOMETRY

There are 86 strings arranged in a nearly hexagonal grid with 125 m horizontal spacing. Each
string holds 60 DOM:s with vertical spacing of 17 m, defining an instrumented volume close to
1 km? (see Figure 2.3). Eight central strings form the DeepCore sub-array, with closer spacing
(7-10 m vertical, 42-72 m horizontal), allowing sensitivity to neutrinos down to ~10 GeV
[40].

On the surface, the JceTop array consists of 162 ice-filled tanks, each with two DOMs. IceTop
serves to detect cosmic-ray-induced air showers and to tag atmospheric muons that also pass

through the main detector [41].
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lceCube Lab

lceTop
81 stations / 162 tanks

50m — 324 optical sensors

IceCube In-Ice Array

86 strings including DeepCore
5160 optical sensors

1450 m

i
2450 m \

2820 m

DeepCore

8 strings optimized for lower energies +
7 standard central strings
480 + 420 optical sensors

Eiftel Tower
324 m

Figure 2.3: Diagram of the IceCube Neutrino Observatory. The detector comprises 86 strings
equipped with 5,160 optical sensors deployed between depths of 1,450 m and 2,450 m in the Antarc-
tic ice. Eight of these strings form the DeepCore sub-array, optimized for lower-energy neutrino de-
tection. The IceTop surface array consists of 81 stations with 324 sensors and is in turn optimized for
EAS. The Eiffel Tower is shown for scale. Taken from [37].

2.1.4 OPTICAL PROPERTIES OF THE ICE

Antarctic glacial ice offers exceptional optical properties for Cherenkov detection. Due to slow
compression over millennia, the ice is almost bubble-free, yielding absorption lengths exceeding
100 m and effective scattering lengths between 20 and 50 m in the blue-green range [32]. While
there are localized dust layers, their distribution is well mapped using calibration lasers and
incorporated into reconstruction algorithms. Comparative studies have shown that South Pole

ice is optically clearer than artificial or lake ice, making it a nearly ideal natural medium [42].

2.2 EVENT DETECTION AND S1GNAL TYPES

IceCube continuously records single—photon hits in its DOMs. Whenever a space—time clus-

ter of DOM pulses satisfies an online multiplicity condition (explained in detail in Section 3.1),
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2 THE ICECUBE NEUTRINO OBSERVATORY

the corresponding waveforms are buffered and an event is assembled for subsequent process-
ing [42].

2.2.1 UP-GOING AND DOWN-GOING EVENTS

The reconstructed arrival direction of each event is expressed in IceCube’s internal spherical

coordinates:

* Zenith angle ¢: 0° points from the Earth’s centre towards the sky; 180° points into the
ground.

* Azimuth ¢: the projection of the arrival vector on the horizontal detector plane.

These angles divide the sky into two regions of interest (see Table 2.1). In the #p-going hemi-
sphere every particle must traverse the Earth before entering the detector, so the planet itself
absorbs all but a small fraction of the atmospheric muons [43]. On the other hand, the down-
going zenith range is filled from muons generated in cosmic-ray air showers. A conceptual

sketch of this is shown in Figure 2.4.

Region Typical range in ¢ Key feature

Up-going g > 82° Traverses the Earth first; the rock shield suppresses most of the
atmospheric muons.

Down-going g < 82° Only the atmosphere and a few kilometres of ice are crossed; hence
a copious bundle of atmospheric muons accompanies the signal.

Table 2.1: Zenith ranges and their descriptions.

Statistically, this configuration implies ((10°) atmospheric neutrinos versus O(10") atmo-
spheric muons per year—roughly one million muons for every neutrino [37]. Discriminating
the tiny but astrophysically valuable neutrino component requires exploiting their distinct sig-

natures in the detector.

2.2.2 NEUTRINO INTERACTIONS

In the 10 GeV-10 PeV range neutrinos interact with the Antarctic ice by deep inelastic scatter-

ing (DIS), giving rise to two fundamental channels [44]:
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Figure 2.4: Schematic view of IceCube’s horizon. Cosmic-ray induced atmospheric muons (solid
blue) reach the detector only from above, whereas neutrinos (dashed blue) can traverse the Earth and
appear as up-going. The right panel illustrates the detection of the resulting Cherenkov light in the
optical modules. Taken from [17].

1. Neutral current (NC)
vo+ N ﬁ) v+ X,

where the outgoing neutrino escapes and the hadronic remnants X’ create a shower of
secondary particles. They interact through the 70 boson.

2. Charged current (CC)
v+ N E) (+ X,

producing a charged lepton ¢ = ¢, ¢, 7 in addition to the hadronic shower. The lepton
species determines the observed topology: a track if £ is a muon, a (mostly) spherical
shower if £ is an electron, or a double bang at PeV energies when £ is a tau, due to its
short lifetime, responsible for the decay in the detector volume. They interact through

the 7+ boson.
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2.2.3 SIGNAL TYPES

Nearly every IceCube events falls into one of three generic signal classes. First, muon tracks
arise predominantly from charged—current interactions of »,. A relativistic muon may travel
through the ice, sequentially activating strings and painting the characteristic track seen in
Fig. 2.5 (a). The resulting long lever arm yields a median pointing precision better than 1° [45]
and thus giving rise to a smoking-gun to identify astrophysical sources.

In contrast, particle showers (cascades) deposit their energy within only a few metres. They
stem from neutral-current interactions as well as from charged—current events of », and »,,
producing the spherical morphology shown in Figure 2.5 (b). Their symmetry grants an excel-
lent calorimetric energy resolution of about 10-15 % [45], albeit at the price of a worse angular
precision.

Finally, a multitude of background events, principally atmospheric muon bundles (see Fig-
ure 2.5 (c)), outnumbers genuine neutrino signatures. Therefore veto strategies are necessary
to isolate the astrophysically interesting neutrino subsets.

This thesis focuses on muon tracks, since their sub-degree angular resolution provides an
unrivalled way for associating neutrinos with astronomical sources. For through-going tracks
the energy estimate is only a lower bound (the parent interaction happens outside the instru-
mented volume), yet the pointing power more than compensates for this limitation. The core
of the work therefore concentrates on identifying these high-quality muon tracks and forward-

ing their real-time alerts to partner observatories in the Northern hemisphere.

2.3 RECONSTRUCTION OF MUON TRACKS

After introducing the detection mechanism and the relevance of track-like events, this section
describes how the fundamental parameters of muon trajectories are reconstructed. This step
is crucial for all subsequent analyses, as it determines the quality of the selected events and the

effectiveness of data filters.

2.3.1 DIRECTION

The muon direction is the core parameter of the analysis, as it allows pointing back to potential
astrophysical sources of neutrinos. Along the reconstruction pipeline (detailed in Section 3.1),

several methods are applied with increasing levels of complexity.
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Figure 2.5: Representative IceCube events. Each dot denotes a DOM,; its colour encodes the time of
the first pulse (red = early, blue = late) and its area is the total collected charge. Panels (a) and (b) illus-

trate genuine neutrino signatures, whereas (c) and (d) showcase common atmospheric backgrounds.
Taken from [46]

The simplest approach assumes a plane wave of light crossing the detector, without consider-

ing the characteristic Cherenkov cone angle (Section 2.1.1). Under this assumption, the muon
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2 THE ICECUBE NEUTRINO OBSERVATORY

is considered to travel at constant velocity ' along a straight line. Its position #is then given by:

At) = T7o(to) + (£ — 20)7, (2.2)

where 7 is the initial position and ¢ the arrival time. Based on the positions ¥;, and detec-
tion times ¢, of the activated DOMs, a linear fit is performed to minimize the squared distance

between the hypothesized straight track and the measured points:

N
n}in Z H;:(tz) - -9?1'H27 (23)
v,70 —1

where /N is the total number of hit DOMs. This method can be solved analytically [47], pro-
viding a fast estimate of the muon direction and velocity. It also serves as the seed for more
accurate reconstructions based on maximum likelihood methods [46].

The next level of modeling includes Cherenkov light emission, which forms a cone with a
characteristic angle &, with respect to the muon direction. In this case, the expected arrival time

of the light at each DOM, toco» ASSUMING NO scattering, is given by:

—

(X — 7 dtand,
tgeo =1+ ° (x VO) T = ) (24)
c

where d is the perpendicular distance from the muon track to the DOM (see Figure 2.6 for

visual reference), and ¢ is the speed of light in vacuum. The time residual is then defined as:

Lres = Lobs — ZLgeo- (25)

The probability p; (#.;) of observing a given time residual allows constructing the likelihood

function:

Nen
L= le (tres,z' | 707 ‘97 ¢)a (26)
=1

where N, is the number of DOMs that registered a signal, and 0, ¢ are the zenith and azimuth
angles of the muon direction. This method, known as the Single Photo-Electron (SPE) fit, uses
only the first photon detected by each DOM and is initialized with the result of the previous
line fit.

The function p, is often approximated by the Pandel function, an analytical model that de-

scribes the photon delay distribution due to scattering in the ice [48]. It depends on the op-
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Figure 2.6: Geometry of the SPE reconstruction. The DOM detects Cherenkov light emitted at an-
gle g, by a particle traversing the detector along direction 7. The variable 4 denotes the perpendicular
distance from the DOM to the muon track. Taken from [46]

tical properties of the medium, such as the absorption coefficient and the effective scattering
length [46].

However, this model becomes less accurate at higher energies, where multiple photons per
DOM are typically observed. To address this, there is Multi Photo-Electron (MPE) fit, whose

likelihood function accounts for all detected photons:

N 0 Ni—1

L=]] [N pr(tess) - ( [ » (tm,z')> : (2.7)
i=1 res i

where NN; is the number of photons detected by DOM 7. This fit is also seeded with the result

of the SPE fit.

Finally, instead of using analytical approximations like the Pandel function, the time residual
distribution can be determined more precisely using detailed simulations of photon propaga-
tion in the ice. These simulations take into account the real optical structure of the Antarctic
glacier. The resulting distributions are stored as interpolating splines [49, 50], a computation-

ally efficient method that approximates functions using piecewise polynomials. This approach
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significantly improves reconstruction accuracy by adapting the likelihood to the local condi-

tions of the detector [46].

2.3.2 ANGULAR ERROR

Another fundamental parameter in directional reconstruction is the angular error, which quan-
tifies how precise the estimation of the muon direction is. This uncertainty must be computed

by event, and it is essential both for event classification and for the subsequent source analysis.

The most computationally efficient method relies on the Cramér—Rao inequality [51, 52],
which provides alower bound for the variance achievable by any unbiased estimator of a param-
eter. An estimator is called unbiased if, on average over many repetitions of the experiment, it
returns the true value of the parameter being estimated. In contexts where the reconstruction
model is well defined and a sufficient number of measurements is available, this condition can

reasonably be assumed to hold, making the bound applicable.

Under these assumptions, the covariance matrix of the directional parameters x; and x; is

bounded from below by the inverse of the Fisher information matrix:

Cov(#, %) > [Z(¥)];, (2.8)

where Z () is defined as the expected value of the negative second derivative of the log-likelihood

function:

. 0% log L(X | tes
h@=—< ggg § - (2.9)

The square roots of the diagonal elements of the covariance matrix provide estimates of the
azimuthal (a';) and zenith (¢3) variances, which can be combined into a single directional un-
certainty metric, known as the circularized angular error [53]. This approach is extremely fast,
as the covariance matrix can often be computed analytically [54]. It is therefore well suited for
real-time reconstructions.

For offline analyses, the paraboloid method is used [46] to obtain a more detailed and empiri-
cal estimate of the angular error. This method relies on the fact that, when many measurements
are available (e.g., many hit DOMs), the likelihood function tends to approximate a Gaussian

shape near its maximum. The width 7, with respect to a parameter x can then be estimated
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using:

—logL(x+0,) = —log L(x) +0.5. (2.10)

In practice, the likelihood profile is evaluated in the zenith—azimuth plane around the recon-
structed direction. A total of 24 sampling points are defined: three different values of zenith,
and for each of them, eight equally spaced values of azimuth. At each point, the directional
parameters are fixed, and the likelihood is re-optimized with respect to the remaining parame-
ters. A 2D paraboloid is then fitted to the resulting log-likelihood values, producing an error
ellipse in angular space. From the semiaxes 7, and ;, of the ellipse, the combined angular error
is computed as [53, 55]:
a2+ a.yz

c=1/— . 2.11
5 (2.11)

Although this procedure involves multiple minimizations and is thus more computation-
ally demanding, it provides a highly accurate estimate of the angular uncertainty, tailored to
the event’s geometry and signal. It is the standard method in high-quality offline reconstruc-
tions [53, 56].

A third approach, particularly useful when the theoretical uncertainty distribution is un-
known or when capturing real statistical fluctuations is important, is the bootstrapping method.
This technique generates artificial replicas of the original event by resampling with replacement
from the set of detected pulses, while preserving the total charge.

Each bootstrap event is reconstructed independently, using the same method as for the orig-
inal event. Once the directions of all bootstrap reconstructions are obtained, their angular dif-
ferences with respect to the original direction are computed. The final angular error estimate
is taken as the mean of these angular differences. This procedure is typically repeated six times

in online analyses [46] and eight times in offline analyses [57].

2.3.3 ENERGY

In addition to direction, the energy of the observed muon is a key parameter, as it provides indi-
rect information about the energy of the originating neutrino. In particular, energy is essential
to distinguish between atmospheric and astrophysical neutrinos. This is because they follow
different energy spectra: atmospheric neutrinos exhibit a steep power-law spectrum (~ E37),

while astrophysical neutrinos are expected to follow a harder spectrum (~ E~%). This spectral
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difference allows the use of energy as a discriminator between both sources.

Since most neutrino interactions take place outside the instrumented volume, IceCube can
only observe the muon once it enters the detector. As a result, the total neutrino energy cannot
be measured directly in most of the cases. Instead, the goal is to estimate the muon energy at
the entrance of the detector, which serves as a lower bound on the neutrino energy.

The total amount of detected Cherenkov photons increases with the muon energy [58].
However, due to photon scattering and absorption in the ice, as well as the geometry of the
detector, this light must be carefully modeled in order to reconstruct the energy. The recon-
struction relies on a template that encodes the expected number of photons A observed by each
DOM for a muon of known energy and geometry. This template is scaled by a free energy pa-
rameter £, and compared to the observed number of photons £. The observed photon count

is modeled as a Poisson process with mean:

2 =AE+p, (2.12)

where p accounts for additional contributions such as instrumental noise [59]. The likelihood

of observing £ photons in a given DOM is then:

(AE+p)*
£

In practice, two main reconstruction methods are used to parameterize A:

L(E) = exp|— (AE + )] (2.13)

MUEX. The Muon Energy eXtractor (MuEX) assumes that the muon emits Cherenkov
light approximately uniformly along its trajectory. Based on the distance between the track
and each DOM and the layered structure of the ice, it computes the expected number of pho-
tons and constructs the likelihood accordingly. This method accounts for both continuous

energy losses and stochastic emissions [60, 59].

TRUNCATED ENERGY. This alternative method focuses on reducing the impact of stochas-
tic fluctuations, which can bias the energy estimate. The muon track is divided into spatial
segments (typically 120 m in length to include one DOM), and the energy loss dE/dx is esti-
mated independently in each segment using the same photon-based likelihood. The segments
with the highest energy losses are discarded. The remaining segments are averaged to yield a
robust energy estimate [61].

This segmented approach requires at least 300 m of visible muon track to be reliable, but
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offers improved stability at high energies. For this reason, Truncated Energy is the preferred
method for diffuse flux analyses or searches targeting very energetic events. In contrast, MuEX

is more flexible and suitable for point-source searches or events with shorter tracks. [59]

The energy resolution of both methods has been thoroughly studied. At low energies, the
resolution is limited by the low number of detected photons and by the almost constant energy
loss rate of minimum-ionizing muons. At high energies, Truncated Energy benefits from its
ability to resolve variations along the track, resulting in slightly better performance between 5

and 500 TeV. For shorter tracks or faster reconstructions, MuEX remains the method of choice.
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The Realtime Alert System

The ability to rapidly identify and communicate high-energy neutrino events is one of the most
powerful features of the IceCube Neutrino Observatory. The detector continuously records
a high rate of events, most of which are due to atmospheric muons and neutrinos. The recon-
struction techniques applied to muon track events, which are crucial for inferring the direction

and energy of the incoming neutrinos, form the core of IceCube’s realtime processing system.

Given the great volume of data collected, a highly selective data reduction pipeline is essential.
This system filters the stream of reconstructed events in near real time, identifies those that are
potentially of astrophysical origin, and disseminates alerts to external observatories to enable

rapid multi-messenger follow-up.

This chapter provides an overview of the Realtime Alert System, with a particular focus on
its architecture, the filtering pipeline, and the criteria used to classify and trigger different types
of alerts. It also introduces the concept of continuous monitoring of predefined astrophysical
sources, as well as the complementary unbiased or a/l-sky search and a selection of the most
energetic track-like events, paving the way for the main contribution developed in the course
of this work: FlareWatch, the publicly accessible web platform that enables realtime cluster

alerts potentially associated with sources.
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3.1 ALERT GENERATION PIPELINE

The primary goal of the alert generation system, in the context of multi-messenger astrophysics,
is to transmit relevant information about neutrino events to external observatories in near real-
time. This enables complementary observations using different messengers (photons, cosmic
rays, gravitational waves), thereby increasing the statistical significance of potential discoveries.
IceCube, with its unique capability of operating over 99% of the time, is ideally positioned to
serve as an initial trigger in this global network of coordinated observations [62].

This effort began in 2006 with neutrino analysis and follow-up observations with MAGIC
and AMANDA II [63], and later evolved into the current Gamma Follow-Up (GFU) pro-
gram [64] between IceCube, VERITAS [15] and MAGIC. In 2008, the Optical Follow-Up
(OFU) [65] program was added, incorporating instruments such as Robotic Optical Transient
Search Experiment (ROTSE) [66], the Palomar Transient Factory (PTF) [67], and the Swift
satellite [68]. These efforts eventually evolved into the current realtime alert system [62, 46],
which is the core focus of this thesis.

The realtime system is built on a data-reduction pipeline that filters the signals recorded by
the DOMs, starting from the initial detection stage up to the generation and dissemination of
astrophysical alerts. The process begins with waveform digitization at the DOMs themselves,
which transmit the signals through the cables to the central IceCube laboratory. There, the
Data Acquisition System (DAQ) aggregates the signals into preliminary event structures.

These events are then passed to the Processing and Filtering (PnF) system, which applies trig-
ger conditions, fast reconstruction algorithms, and a sequence of analysis-specific filters. For
the purposes of this work, the relevant filters are the Muon Filter, the OnlineL.2 Filter, and
the GFU Filter, applied in this order. The processing is highly parallelized to minimize latency,
which averages 29 s between trigger and sending [46]. Once filtered, selected events are trans-
mitted via satellite to the northern hemisphere, where final processing is performed and alerts

are issued if specific criteria are met.

3.1.1 PROCESSING IN THE SOUTHERN HEMISPHERE

The following describes the data processing performed on-site at the South Pole, listed in chrono-
logical order. The main goal of this system is to drastically reduce the data volume to be trans-
mitted through the satellite link, which has extremely limited bandwidth. Data connectivity

is provided around the clock via the Iridium satellite network [69], offering approximately
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2.4kbit/s per modem. Even with multiple modems in parallel, the effective throughput re-
mains orders of magnitude below standard Internet speeds. For comparison, streaming a low-
quality video requires around 500 kbit/s, and sending a simple SMS message (140 bytes) would
take a fraction of a second—yet large scientific datasets would take hours or even days to trans-
mit. As a result, on-site data reduction and filtering are essential.

The full processing chain at the South Pole can be organized into a sequence of increasingly
complex steps, beginning with low-level noise suppression and hit selection at the detector
module level, and culminating in high-level reconstructions and event classification. The steps

described below are presented in chronological order and grouped conceptually into three tiers:

* Trigger and DAQ: initial stages that detect coincident hits and group them into raw
events.

* Cleaning and Reconstruction: intermediate steps that isolate individual physics events
and estimate basic properties such as direction and topology.

* Filtering and Classification: advanced selection steps that apply quality cuts, compute
event features, and classify candidates using machine learning.

Each step in this pipeline is critical to reducing the data volume and refining the selection of
astrophysical neutrino candidates prior to transmission. The full procedure is detailed below

and summarized in Figure 3.1.

STRICT MULTIPLICITY TRIGGER AT THE DOM LEVEL.  This is the first filtering stage after
PMT signal detection and occurs directly within each DOM. The DOM verifies the presence
of a Hard Local Coincidence (HLC), meaning that neighboring DOMs (or next-to-nearest
neighbors) also recorded a signal within 1 microsecond. If this condition is satisfied, the full
waveform is sent to the IceCube lab’s trigger software; otherwise, only the signal amplitude is

transmitted [37].

SimpLE MULTIPLICITY TRIGGER (SMT-8).  This step checks whether at least 8 HLCs occur
within a sliding 5-microsecond window. If this condition is fulfilled, a dynamic data acqui-
sition window is opened, which closes once no more HLCs are recorded in the subsequent
S-microsecond intervals. All hits recorded during this acquisition window are grouped into
a DAQ event, stored to disk, and passed to the PnF system. At this stage, the system records
about 2.7 kHz of events, corresponding to approximately 1 TB of data per day. These unfil-

tered data are stored locally and transferred to the northern hemisphere once per year [37].

31



3 THE REALTIME ALERT SYSTEM

EVENT SPLITTING. A single DAQ event may contain multiple overlapping physical inter-
actions. Therefore, it must be subdivided into individual physics events. This is achieved by
identifying time intervals within the DAQ event where the SM'T-8 condition is satisfied, ex-
panded by 4 microseconds before and 6 microseconds after the core window. These intervals
are interpreted as potential physics events. However, if two events truly occur simultaneously,

this step will not separate them; more advanced algorithms are required in such cases [37].

PuLse CLEANING. Each physics event contains many recorded pulses. This stage applies a
cleaning algorithm to discard noise and isolate meaningful signals. First, only HLC pulses are
retained. Then, any other pulses near the HLCs are kept if they are closer than 150 meters and
recorded within 1 microsecond. These are the Single Local Coincidences (SLC). This proce-
dure is repeated three times. Finally, the 6-microsecond time window with the highest number
of pulses is selected. The goal is to extract a coherent cluster of pulses that are both temporally

and spatially consistent with a true physical event [37].

MvuoN FILTER.  After pulse cleaning, events are subjected to various filters depending on the
particle type. In this work, the focus is on the Muon Filter, which aims to identify track-like
muon events. This step reduces the event rate from 2.7 kHz to about 40 Hz using a combina-
tion of the LineFit method and SPE reconstructions (see Section 2.3.1).

For up—going1 events (originating from the northern sky), the likelihood value is used as a
quality metric to reject shower-like backgrounds. In contrast, for down-going events (from
above the detector), the background of atmospheric muons is much more intense. In these
cases, the selection is based on the total recorded charge ( Q) as a function of the event’s decli-
nation. The resulting data rate after this filtering step is low enough to allow daily transmission

to the northern hemisphere [46].

ONLINEL2 FILTER. The Onlinel.2 filter is the next stage in the event selection chain follow-
ing the muon filter. The filtering begins with an improved directional reconstruction. While
the SPE fit used in the previous stage performs well for bright through-going tracks, it strug-
gles with more challenging topologies, such as corner-clipping muons or tracks aligned with
detector symmetry axes. To mitigate this, the reconstruction is repeated with two additional

seed directions rotated by 120° with respect to the initial track hypothesis.

!Zenith angle § > 82°
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Subsequently, the MPE fit (see Section 2.3.1) is performed using the direction obtained from
the SPE step. Based on the fit quality and the integrated charge, additional cuts are applied,
which reduce the event rate from 40 Hz to approximately 6 Hz [70], while retaining >99% of
the up-going and >80% of the down-going signal for an £~* spectrum [46].

At this reduced rate, more computationally expensive reconstructions become feasible. The
SplineMPE algorithm is used at this stage to improve directional accuracy [45]. It works on
a cleaned subset of pulses and accelerates convergence of the likelihood minimization. Using
this refined track, the event energy is estimated with both the MuEX and TruncatedEnergy
methods described in Section 2.3.3.

The events passing all these criteria are then passed to the final selection stage: the GFU filter.

GFU FILTER.  The final step in the event selection pipeline is the GFU filter, which aims to
reject the remaining atmospheric-muon background and retain a high-purity sample of well-
reconstructed neutrino candidates. At this stage the event rate is low enough to run additional
classification logic.

To further refine the selection, a multivariate classifier based on Boosted Decision Trees
(BDTs) is used. The classifier is trained using the observables reconstructed in the previous
steps, including direction, energy, fit quality, and the spatial distribution of pulses. These vari-
ables help distinguish well-reconstructed signal-like events from background, particularly mis-
reconstructed atmospheric muons.

Because the dominant background varies between the hemispheres—being primarily mis
reconstructed and low quality in the north and down-going” higher rate (and better quality) in
the south—two independent classifiers are trained, each using a dedicated set of input variables
optimized for its respective sky region.

The training is performed offline using the scikit-learn library [71], while the opera-
tional classification at the South Pole is handled by the Python library pyBDT IceCube’s custom
implementation, that has been validated in previous analyses and is suitable for deployment un-
der the detector’s constraints [72].

Only events passing this final filter are considered alert candidates. These events exhibit high
reconstruction quality and are accompanied by an estimate of their angular uncertainty. Full

details on the classifier design, training, and input variables can be found in [46].

*Zenith angle § < 82°
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Pulse detected by PMT

Level 1 Trigger Sent to the surface

DaD event

Base processing ——

Muon Filter

GFU Filter

Meutrino induced muon candidate sent to Madison

Figure 3.1: Reconstruction and data reduction pipeline currently running at the South Pole. Orange
boxes correspond to data cuts, while blue ones correspond to reconstruction steps. Adapted and ex-
panded from [46].
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3.1.2 DATA TRANSMISSION

Once an event passes the full selection chain, including the GFU filter, a compact summary
is transmitted from the South Pole to the Northern Hemisphere for further processing and
dissemination. This transmission relies on the Iridium satellite network, a low-bandwidth but
reliable system well suited to the geographical placement [69].

To ensure efficient use of this limited bandwidth, the transmitted summary includes only
essential metadata such as the run and event numbers, trigger time, reconstructed direction,
angular uncertainty estimate, and estimated muon energy. This information is serialized in
JavaScript Object Notation (JSON) [73], chosen for its simplicity and wide compatibility. The
typical JSON payload size is about 1.3 kilobytes. In contrast, the full waveform data for the
same event—which are transferred separately once per day—range from 150 to 250 kB [46].
This significant reduction in size is necessary to accommodate Iridium’s limited bandwidth of
approximately 2.4 kilobits per second per modem.

An overview of this transmission process is shown in Figure 3.2. After selection, the JSON
payload is transmitted via Iridium to the computing center in Madison, Wisconsin, where it is
ingested into a dedicated database. From there, downstream systems access the data through
a lightweight messaging infrastructure based on the ZeroMQ [74] protocol. This architecture
enables multiple analysis systems to subscribe to specific event streams in real time.

Coordinating this entire dataflow is the software framework known as I3Live [37]. It plays
a central role in managing the lifecycle of alerts, monitoring system health, and ensuring struc-

tured and timely communication between the South Pole and the Northern Hemisphere.

IceCube Lah e Iridium network . Datahase
< '
ZeroMQ queue
Computing Center service Analysis
at Madison machine

Figure 3.2: Schematic overview of the IceCube data transmission architecture. After event selection,
a JSON-formatted summary is transmitted via the Iridium satellite system to the computing center in
Madison. From there, the event is stored and made available to analysis clients via a ZeroMQ queue.

35



3 THE REALTIME ALERT SYSTEM

In terms of performance, the system achieves a median latency of approximately 29 seconds
for receiving JSON summaries, while full waveform data arrive with a median latency of 39
seconds [46]. Such low latencies are essential, particularly during periods of high trigger rates.
To prevent queue backlogs and maintain throughput, the median per-event processing time at
the South Pole remains under 10 seconds.

Finally, beyond event summaries, the system also transmits real-time monitoring data, in-
cluding detector status, trigger rates, and system diagnostics. These additional data streams are
crucial for supporting operational continuity and enabling automated quality control mecha-

nisms.

3.1.3 PROCESSING IN THE NORTHERN HEMISPHERE

Once the data from neutrino-induced muons have been transmitted using the infrastructure
described above, the next stage of the alert pipeline takes place in the North. The analysis server
(illustrated in Figure 3.2) runs a process supervisor called supervisord [75], which manages
multiple clients responsible for executing various analyses in parallel. These clients are part of
IceCube’s internal software stack, among which the most relevant for this work is the GFU
Client.

The GFU Client runs the realtime software suite, which handles real-time time clustering
analysis and alert generation. Its primary role is to identify potential astrophysical sources based
on the incoming events. It operates in two modes of particular interest for this thesis: the first
is the monitoring of known gamma-ray sources, which has been modified in the context of this
work and will be explained in detail in the following sections; the second is the unbiased or all-
sky scanning mode, which searches for significant temporal clusters of events across the entire
sky without prior assumptions about source locations.

Both modes are designed to generate cluster alerts, meaning they rely on the detection of
statistically significant time coincidences among multiple events. When the significance exceeds
a predefined threshold, an alert is issued through various dissemination channels, marking the

final stage of the realtime processing pipeline.

3.2 TIME-VARIABLE POINT SOURCE ANALYSIS

The main objective of the real-time software in its GFU source monitoring mode, is to identify

clusters of events that may be associated with an astrophysical point source. In other words, it
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aims to detect space-time accumulations of muons induced by neutrinos that deviate signifi-

cantly from the expected atmospheric background.

3.2.1 TIME-INTEGRATED ANALYSIS

Asafirststep, in the case of a time-independent analysis, the probability density function (PDF)
associated with each event can be factorized into two components: a spatial term and an energy
term. These are defined under the signal hypothesis (S;) and the background hypothesis (B;)

as:

Sl' = Psgpatial (‘Q_C'l | 'Q_C:”? 0',) ’ Pegnergy(El‘ | )_él'? 7/)’ (31)
Bi = spatial(‘;él') ’ anergy(El’ ‘ 3_(‘:1) (32)

Here, X is the hypothetical location of the source in the sky, and ¥, ¢;, and E; are the re-
constructed direction, angular uncertainty, and energy proxy of the event, respectively. The
parameter y denotes the spectral index of the astrophysical neutrino flux, typically expected to
be around 2 based on Fermi acceleration models [22]. The separation between spatial and en-
ergy components is justified by the high angular and energy resolution of the detector, which
allows both dimensions to be modeled independently [76, 46].

The function pratial models the probability of an event originating from an astrophysical
source located at ¥,. It is represented by a circular two-dimensional Gaussian; the Raleigh dis-
tribution, and is given by:

> 22
pratial("_é' | 55570‘1') = % exp <_A¢(;+:2xj)) ) (3-3)
where Ay is the angular distance between the reconstructed direction and the source position.
This expression accounts for the angular uncertainty of each event and evaluates how compat-
ible its direction is with that of a point source.

In contrast, the background spatial PDF h2d

patial (x;) describes the probability of an event orig-

inating from the atmospheric background. This distribution depends mainly on the zenith an-
gle: up-going events are less likely to be atmospheric muons due to the Earth acting as a filter.
A mild azimuthal dependence is also included, arising from the detector’s hexagonal geometry,
although this effect is smoothed over time by Earth’s rotation. The background PDF is con-

structed from archival data under the assumption that the vast majority of detected events are
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of atmospheric origin.

Regarding the energy component, the signal energy PDF anergy is derived from simulations
of astrophysical neutrinos following a power-law spectrum of the form £77, where y is a free
parameter of the fit. In practice, a base sample is generated with a relatively flat spectrum (e.g.,
E~1),and statistical reweighting is applied to produce distributions for different spectral indices

(typically between 1 and 4). This approach ofters flexibility in modeling a wide range of possible

signal scenarios.

The background energy PDF anergy, on the other hand, is constructed from real archival
data, under the assumption that nearly all past events are of atmospheric origin. This approach
avoids relying on simulations, whose atmospheric muon rates and distribution shapes are known
to diverge from actual detector data due to incomplete modeling. Instead, using experimental
data captures the real detector response, even if it includes a small contribution from astro-
physical neutrinos. To generate this distribution, the events are randomly scrambled in time,
under the assumption that the background is approximately time-independent. This tempo-
ral scrambling preserves the detector’s spatial and energy response while removing any genuine
time correlations, resulting in an empirical distribution of the energy proxy as a function of the
reconstructed direction. This background PDF is then used to estimate the likelihood that a

given event is compatible with the background.

Thanks to the marked difference in energy spectra—a hard power-law with y ~ 2 for the
signal versus a much softer ¥ ~ 3.7 for the atmospheric background—this component pro-
vides strong additional discrimination power, particularly in the high-energy regime where as-
trophysical events are more likely to dominate.

Both the signal and background distributions are combined into the likelihood function £,

defined as the product of the probabilities of observing each event under a composite hypoth-
esis [77]:

N
n — —
L(n,7) = (—‘-5@- (1——)-5@), 3.4
mn =T (§-5@ 1+ (1-5) -8 (:4)
where @; = (;, E;) are the direction and energy parameters of event 7, N is the total number
of events in the sample, and 7, and y are free parameters representing, respectively, the number
of signal events and the spectral index of the neutrino flux.
These parameters are determined by maximizing the likelihood function under physical con-

straints: 7z, must lie between 0 and N, and y is typically restricted to the interval [—4, —1]. Max-
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imizing £ yields the best-fit values of the parameters, denoted by 7, and . These values are
then used to define the test statistic A, based on the likelihood ratio between the alternative

hypothesis and the null hypothesis (7, = 0):

A =2log ,Cﬁ(;ijl”:}/)) (3.5)
By directly maximizing this expression, the test statistic can be rewritten as:
N
A= 2; log [1 + %(w ~1, (3.6)

where w; = S;/B; is the event weight, i.e., the ratio between the signal and background proba-
bility densities for event 7. Intuitively, high values of w; indicate that the event is more compat-

ible with the signal hypothesis than with the background.

The value of A obtained from real data is compared to its distribution under the null hypoth-
esis to assess the significance of any observed excess, allowing us to determine whether there is

statistical evidence for an astrophysical source [46].

3.2.2 TIME CLUSTERING

Once the time-integrated likelihood has been defined, the analysis can be extended to include
temporal information, aiming to identify clusters of neutrino events that are spatially and tem-
porally correlated. This strategy is particularly relevant given that many candidate astrophysi-
cal neutrino sources are expected to be transient in nature. According to current models, these
sources undergo periods of enhanced activity or flares, during which they emit bursts of neu-

trinos on the scale of days.

The goal of the time clustering algorithm is to identify the time window that maximizes the
test statistic /A, therefore increasing the statistical significance of a potential signal. To this end,
a general time likelihood model is adopted [46]: a box-shaped time profile defined by a start
time #; and an end time #;, within which the point-source likelihood analysis is applied.

The procedure is illustrated in Figure 3.3. Starting from a triggering event (the most recent
one, at time #;), all previous events with #; < #, that satisfy certain conditions are considered.
For each time window [z, ], the same likelihood analysis described in the previous section is

performed, restricted to the events within that window.
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Event Weight S;/5;
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Relative Time (a.u.)
Figure 3.3: Illustration of the time clustering algorithm. Vertical bars represent the event weights
S;/B; as a function of time in arbitrary units. The rightmost event acts as the trigger for the cluster-
ing procedure. Orange arrows denote the time windows considered (extending backwards from the

trigger). Only those starting with an event whose weight exceeds a predefined threshold (set to 1) are
included in the analysis. Taken from [46].

To reduce the computational cost associated with trying all these tuples of events, two con-

straints are introduced:

1. A dynamic time window limit 7},,,,, defined as the point beyond which the sensitivity
becomes comparable to that of the time-integrated analysis.

2. A minimum event weight threshold w; > 1, since events with lower weights can only
decrease the value of the test statistic.

Additionally, to avoid a statistical bias toward short flares (which are more numerous), a

time-penalty factor is incorporated into the test statistic, leading to the modified expression:

L(3.7) Uls,n)
A=21 . .

where U (#;, ;) denotes the detector’s uptime during the tested time window [z, #]. The final

result of the time clustering algorithm is the maximum value of A among all the tested combi-

nations.

3.2.3 STATISTICAL SIGNIFICANCE AND SENSITIVITY CONCEPTS

In order to quantify the significance of a result and define detection thresholds, several statis-

tical concepts are used in the analysis of IceCube alerts. These include the p-value, sensitivity,
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and discovery potential, which are derived from the test statistic used to compare the null and
alternative hypotheses. The following introduces these key quantities, which will be employed

in subsequent chapters.

P-VALUE  The p-value quantifies the probability of obtaining a result equal to or more ex-
treme than the observed test statistic A, assuming the null hypothesis (i.e. background-only) is

true. It is defined as:

[e.e]

»(A) = /A T P(A)dA = / P nper) dA, (3.8)

A
where PP(A) is the probability distribution of the test statistic under the background-only hy-
pothesis, and ;{2 is the chi-squared distribution with #p.r degrees of freedom [46].

The power of the test, denoted f, represents the probability of correctly rejecting the null

hypothesis when the alternative is true.

SENSITIVITY  The sensitivity of an analysis is defined as the median upper limit that the anal-
ysis would produce in the absence of a true signal. Itis expressed as the minimum flux that can

be excluded at 90% confidence level, i.c., for a signal that yields:

p>50% and £ =90%. (3.9)

This quantifies the experiment’s expected ability to constrain the signal strength under the

assumption that no true signal is present.

DiscoverY POTENTIAL  The discovery potential refers to the signal strength required to
achieve a predefined significance level of 5¢ (corresponding to p ~ 2.86 x 10~7) with a given
power, commonly 8 = 50%. This represents the flux level at which the analysis would have a
50% probability of producing a statistically significant discovery. This quantity is essential for
evaluating the discovery capability of a given search configuration, though it can be computa-

tionally expensive to estimate [46].
