Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2426

Searching for lceCube Neutrinos from
the Death of Stars and Beyond: From
MeV to PeV Energies

NORA VALTONEN-MATTILA

ACTA UNIVERSITATIS ISSN 1651-6214
UPSALIENSIS ISBN 978-91-513-2185-1
2024 urn:nbn:se:uu:diva-535303



Dissertation presented at Uppsala University to be publicly examined in Higgsalen,
Angstromlaboratoriet, Ligerhyddsvigen 1, Uppsala, Thursday, 19 September 2024 at 13:15
for the degree of Doctor of Philosophy. The examination will be conducted in English.
Faculty examiner: Professor Amanda Weinstein (Iowa State University, Department of
Physics & Astronomy).

Abstract

Valtonen-Mattila, N. 2024. Searching for IceCube Neutrinos from the Death of Stars and
Beyond: From MeV to PeV Energies. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 2426. 121 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-2185-1.

The stellar death and its aftermath are compelling systems to study due to their extreme
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thus preserving important information about the source, with different sites of production that
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1. Introduction

One of the most magnificent and powerful events in the universe is the death
of a star, marking the end of billions of years of nuclear burning, where, in an
instant, essential elements for life formation are blown into the cosmos with an
immense burst of energy. Star deaths can be a spectacular optical event, visible
to the naked eye if close enough, and observable through neutrinos, providing
crucial information about extreme astrophysical conditions. The importance
of neutrinos in Core-Collapse Supernova (CCSN) was first proposed by Col-
gate and White [1] in 1966. In 1978, Nadyozhin calculated the initial phase of
neutrino luminosity [2], shedding light on what we might be able to expect. It
was not until 1985, when Bethe and Wilson suggested that the stalled shock
could be re-ignited through neutrinos [3], that the importance of the system
dynamics was highlighted. Not long after, in 1987, the first Supernova (SN)
! was observed not only via Electromagnetic (EM) messengers but also MeV
neutrinos, detected by Kamiokande-II [4], Irvine-Michigan-Brookhaven de-
tector [5], and Baksan [6]. This observation confirmed the role of neutrinos in
such explosions and their connection to extreme nuclear densities [7, 8].

Since 1987, no other SN has been observed through neutrinos, despite
advancements in neutrino detection capabilities, with large-scale Cherenkov
light detectors like KM3NeT in the Mediterranean sea [9], IceCube Neutrino
Observatory in the South Pole [10] or Super-Kamiokande in Japan [11]. In
addition to searching for supernovae (SNe), we can also search for other as-
trophysical sources arising from the death of a star that, just like SNe, have
extreme states of matter conducive for thermal cooling via neutrinos, such as
Neutron Star (NS) mergers and Gamma-Ray Burst (GRB), which have not yet
been observed with neutrinos. In searching for these sources, we can set com-
petitive limits on the neutrino emission, and if they are very bright in neutri-
nos, we can hopefully detect them. Both NS mergers and GRB could produce
MeV neutrinos, but also other messengers such as Gravitational Wave (GW)
and EM emission that would help search for neutrinos through correlations
between different messengers. However, unless the sources are very bright,
even with the help of other messengers that can inform when to look for neu-
trinos, observing them remains challenging due to their small cross-section.
All currently available neutrino observatories have a limited reach with MeV
neutrinos to a few tens to hundreds of kpc [9, 12, 10, 11]. Within this detec-
tion horizon, SNe are rare, with about ~2 per century in our galaxy [13, 14].

I'The first supernova to be observed via telescopes in modern times.
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Higher energy neutrinos (>GeV) are also considered to expand the detection
horizon as their cross-section increases with energy.

This thesis focuses on searching for low-energy neutrinos from transients
like GRBs and NS mergers using the IceCube Neutrino Observatory. It also
explores IceCube’s SN detection horizon with High-Energy (HE) neutrinos.
IceCube, located at the South Pole, can detect HE neutrinos (>GeV) and has
a sensitivity to bursts of low-energy neutrinos (O(MeV)) by detecting the
Cherenkov light produced by neutrino interactions in ice and operated with
a high duty cycle (>95%), observing the cosmos with a whole-sky coverage.

The thesis is structured as follows: In Chapter 2, Astrophysical Messengers,
we will cover the background of multi-messenger astronomy and introduce
neutrinos. In Chapter 3, Death of Stars and Beyond, the neutrino production
mechanisms for SNe, GRBs, and neutron star mergers will be covered from
the lowest-energy neutrinos that are produced via nuclear processes to the HE
neutrinos that are produced via acceleration mechanisms. In Chapter 4, How
to Observe Neutrinos from Transients, we will discuss how neutrinos are ob-
served from MeV to PeV energies, emphasizing water Cherenkov detection
techniques. In Chapter 5, IceCube Observatory, we will cover the detector,
from how it can observe neutrinos in both low and high energy regimes, high-
lighting the low-energy data acquisition system that monitors in real-time for
supernovae called Supernova Data Acqusition (SNDAQ) System. In Chapter
6, Search Strategies for MeV and GeV-TeV Neutrinos, we present summaries
for the analyses attached to this thesis’s publications. Finally, we end this
thesis with a summary and conclusions to this body of work.

12



2. Astrophysical Messengers

Figure 2.1. The different astrophysical messengers that can come from a source. Note
how cosmic rays can get deflected by magnetic fields and photons can get absorbed
by the interstellar medium (ISM).

We live in an era where technological advancements allow us to observe
neutrinos through many messengers produced at cosmological distances. These
messengers come in many forms (Fig. 2.1) such as GW, which are ripples in
space-time, EM emissions ranging from radio waves to gamma rays, Cosmic
Ray (CR) (highly energetic protons and nuclei) traveling from sites of acceler-
ation, and neutrinos, which are neutral particles that interact through the weak
forces and gravity. In this multi-messenger era, we can use all these forms of
data to understand astrophysical sources and the fundamentals of our universe.

The field of multi-messenger astronomy began in the 1960s with the de-
tection of solar neutrinos by John N. Bahcall and Raymond Davis Jr. in the
Homestake experiment [15]. However, it wasn’t until 1987 that, for the first
time, an extragalactic astrophysical event was through multi-messengers, both
EM emission and neutrinos: The famous supernova SN 1987A, located in the
Large Magellanic Cloud (LMC). Two water Cherenkov detectors, Kamiokande-
IT and IMB, detected 19 low-energy neutrinos [4, 5], while the scintillator de-
tector Baksan observed five neutrinos [6] totaling 24 neutrinos. These observa-
tions improved our understanding of the role of neutrinos in CCSNe [16] and
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the interactions of the ejecta with the surrounding material [7, 17]. Subsequent
observation with the ALMA radio array revealed particle acceleration in SN
1987A [18]. Some decades after this event, in 2013, the IceCube Neutrino Ob-
servatory provided the first evidence of HE astrophysical neutrinos [19], and
in 2015, LIGO detected GWs for the first time [20]. A significant milestone
in multi-messenger astronomy occurred in 2017 with the detection of the neu-
trino event IC-170922A by IceCube, with an energy of 290 TeV [21]. A coor-
dinated follow-up search with electromagnetic telescopes revealed an associ-
ation with a flaring blazar, TXS 0506+056 [21] in the GeV-TeV gamma-rays.
This association suggested hadronic interactions [22], identifying the blazar as
a potential source of CR, which are particles with the highest known energies
in the universe. That same year, GWs from the NS merger GW 170817 was de-
tected by LIGO [23], associated with GRB 170817A detected by Fermi-GBM
[24], and the first kilonova AT 2017gfo [25]. This kilonova event provided
the first direct observation of r-process nucleosynthesis [26]. More recently,
in 2022, IceCube found evidence of neutrino emission from the galaxy NGC
1068 [27], and in 2023, from our Galactic plane [28].

These discoveries demonstrate the great potential of multi-messenger as-
tronomy; however, not all messengers can survive the journey from their origin
to Earth. CR, being charged particles, are influenced by intergalactic magnetic
fields that bend their paths, making it difficult to trace their sources. Similarly,
photons generated in astrophysical environments interact with dust and the
interstellar medium, leading to absorption and scattering that limit their ef-
fectiveness as probes, such as for identifying accelerator sites. GWs are only
produced in compact sources such as mergers [29], offering limited informa-
tion. Neutrinos, on the other hand, are produced in CR accelerator sites and
nuclear reactions, including the Sun, SNe, Active Galactic Nuclei (AGN), and
cataclysmic events like mergers. Neutrinos can provide excellent pointing ac-
curacy', and are crucial for understanding the origin of CR, which remains a
major mystery in astroparticle physics. They can also help probe extremely
dense and hot environments, which cannot be replicated in laboratories. This
thesis will focus on sources capable of producing low- to high-energy neu-
trinos, exploring their significance, production mechanisms, and observation
methods.

2.1 Neutrinos

Neutrinos belong to the lepton family of elementary particles as described by
the Standard Model, which details the fundamental particles and their interac-
tions with three out of the four? fundamental forces. Particles are classified as

! Although gravitational waves can provide us with directionality, the uncertainty is typically
larger than for neutrinos.
2The fourth one being gravitational forces
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Figure 2.2. Standard model particles, showing the three generations of matter for
quarks (purple) and leptons (green), where the darker purple and darker green repre-
sent the partner pair, as well as the force mediators (orange) and force carrier (yellow).

fermions (matter constituents) and bosons (interaction mediators/force carri-
ers) (see Fig. 2.2). Fermions can be divided into quarks and leptons, each with
three generations; Generation I comprises up and down quarks, electrons, and
electron neutrinos. Generation II comprises charm and strange quarks, muons
and muon neutrinos. Finally, Generation III comprises top and bottom quarks,
tauons, and tau neutrinos. Neutrinos come in three flavors (ve, vy, V¢), are
electrically neutral, lack a color charge, and interact only via the weak force
and gravity. The vector bosons mediate the weak force interactions: W= for
Charged Current (CC) interactions and Z° for Neutral Current (NC) interac-
tions (see Fig. 2.3). Because of charge conservation, a partner lepton of the
same flavor is produced in CC interactions. Neutrinos have a tiny mass, which
we know due to neutrino oscillation, a phenomenon where a neutrino of one
flavor converts to another. This oscillation occurs because neutrinos travel as a
superposition of three mass eigenstates. Neutrino oscillation was confirmed in
1988 by the Super-Kamiokande experiment [30] through the observed deficit
in atmospheric muon neutrinos, and in 2001 by the Sudbury Neutrino Obser-
vatory using solar neutrinos [31, 32]. This work led to the awarding of the
2015 Nobel Prize in Physics®. In the following chapters, we will explore the
production sites of neutrinos, their interaction channels, and the methods we
use to observe them.

Shttps://www.nobelprize.org/prizes/physics/2015/press-release/
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Figure 2.3. Feynman diagrams for the different interactions, where the time axis is
from left to right. The left figure shows a NC interaction, where V; is the neutrino
of flavor [ = e,v,7, and e~ , p,n are electrons, protons and neutrons. The middle
and right panels show CC interactions, where the middle depicts the quasi-elastic

scattering of v; on nucleons, and the right panel shows the quasi-elastic scattering of
V. on electrons.
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3. Death of Stars and Beyond

The nitrogen in our DNA, the calcium in our teeth, the iron in our
blood, the carbon in our apple pies were made in the interiors of
collapsing stars. We are made of starstuff.

Carl Sagan in Cosmos, 1980

Star formation begins when clouds of interstellar matter, primarily hydro-
gen, and some helium, become large enough for self-gravity to cause the gas to
fall inward toward the center of gravity. This infall happens because the gravi-
tational energy exceeds the thermal energy, leading to the cloud’s collapse and
increasing the density and pressure at the center. The minimum mass required
to trigger the collapse is given by the Jeans criterion [33], which quantifies the
gravitational pressure required to overcome the internal pressure. The star for-
mation process involves multiple phases of collapse and stabilization. When
the gravitational pressure overcomes the internal pressure, adiabatic compres-
sion will increase the internal pressure and temperature, slowing the collapse.
At some point, when the density becomes sufficiently high, a protostar forms.
The protostar’s evolution is controlled by its adjustment to the collapse and the
burning of primordial deuterium into hydrogen. Once the temperature reaches
several million Kelvin (K), hydrogen fusion begins, forming helium. Depend-
ing on the star’s mass, hydrogen fusion becomes the only energy source, and
the star enters main sequence!, where it remains for many millions of years.
For low-mass stars (M < 4M.,, where M is the solar mass), the evolution over
billions of years leads them to become carbon-oxygen white dwarfs, having
only burned helium. Intermediate-mass stars, up to ~ 8M, end up as oxygen-
neon-magnesium white dwarfs after entering the carbon-burning phase. In
both cases, however, there is insufficient energy to overcome the Coulomb
barrier of heavier nuclei.

For massive stars = 8M, the fate is significantly different. Due to their
higher mass and gravitational attraction, these stars reach temperatures suffi-
cient for carbon burning and are hot enough to fuse heavier elements. Progres-
sively, the time required for each element’s fusion process decreases until iron
is reached. Since iron has one of the highest binding energies per nucleon,
its fusion is endothermic, meaning that it absorbs energy rather than releas-
ing it, leading to the termination of the fusion process at this element. What

'Main sequence is a classification of the star based on the luminosity against the surface tem-
perature, and it can indicate the life cycle and evolution of a star.
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occurs after a star reaches iron is detailed in Section 3.1, which discusses the
explosion mechanism, focusing on neutrino production for both low and high
energies 2. In Section 3.2, we will explore NS—remnants of stars in certain
scenarios—and NS mergers, which are sites of supra-nuclear densities and can
produce significant amounts of low-energy neutrinos. Finally, in Section 3.3,
we will cover GRBs, which can result from massive stars collapsing or NS
mergers and are also sites of low-energy neutrino production.

3.1 Supernovae

It all begins with Chandrasekhar’s mass limit, M¢y,, which determines the max-
imum mass at which a star can counteract the gravitational pull with the elec-
tron degeneracy pressure. It is defined as

N2
=2 Se
Mcy, = 5.38Y, 1 — M, 3.1
Ch e ( +<7rYe>> [oF (3.1)

where Y, is the mean electron fraction per baryon and s, is the mean elec-
tron entropy, highlighting that this mass limit is not a static quantity. When the
mass of the iron core exceeds M¢y, the end of the fusion process can trigger
a spectacular event called a supernova, marking the final stage of stellar evo-
lution, where elements required for star formation and life are ejected into the
cosmos. SNe are categorized into two main types, thermonuclear and core-
collapse, and are typically classified based on their electromagnetic spectral
features [37] following the Minkowski-Zwicky system [38]. As shown in Fig.
3.1, the first distinction is whether the hydrogen lines are present or absent:
Type I SNe lack hydrogen lines, and Type II have them. From there, we can
further categorize them as with the silicon lines, where the absence indicates
a thermonuclear explosion or Type Ia, and the presence of the silicon lines
indicates that the explosion mechanism was a core collapse. We can then fur-
ther categorize the core-collapse SNe depending on the presence or absence
of helium lines or light curves. Types Ib, Ic, and IIb are associated with Wolf-
Rayet stars, which are typically massive O(15-50M,) [39] at the end of their
lifecycles. These types of SNe have lost most if not all of their hydrogen
and/or helium envelope due to very high wind velocities by the time of the
explosion [39]. In contrast, Types IIn, 1I-P, and II-L, the more common types
of CCSNe, retain their hydrogen envelope at the time of the explosion. Their
different naming convention arises from the lightcurve shape and spectra, with
II-P standing for a plateau in the lightcurve, II-L having a /inear evolution of
its lightcurve. Finally, IIn stands for narrow hydrogen lines in their spectra.

Thermonuclear SNe are believed to occur when a white dwarf accretes mat-
ter from a companion star, such as another white dwarf. However, Type Ia

ZFor a complete description of stellar evolution and formation, refer to [34, 35, 36].
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supernovae are not considered promising sources of significant neutrino pro-
duction [40]. Only a few events from a nearby Type Ia explosion (within a
few kpc) would be detectable by large-scale neutrino observatories [41]. In
contrast, CCSNe are believed to produce vast amounts of both low- and high-
energy neutrinos. Therefore, this thesis will only focus on CCSNe types.

No Hydrogen (Type 1) Hydrogen (Type II)

Core-Collapse

........‘
3
o
o
MNe Si lines

Figure 3.1. Supernova classification scheme. Depending on which spectral lines
and/or lightcurve shape is observed, they can be categorized as Type I or Type II,
with further sub-categories.

3.1.1 Core-collapse explosion

CCSNe are a type of SNe that can produce a high flux of MeV neutrinos
through nuclear processes. These neutrinos offer a unique real-time view into
the dynamics of stellar collapse, as they are one of the two direct probes,
alongside GWs, that can escape the dense inner region of the star [42]. Observ-
ing MeV neutrinos could provide an early warning signal in multi-messenger
astronomy since their detection precedes the arrival of photons. This early
signal can help optical telescopes capture the Shock Breakout (SBO) (see Fig.
3.2), which can last about one hour [43]. Observing the SBO is crucial for
understanding the explosion and progenitor properties, including the progeni-
tor’s radius, mass, energy release [44, 45] and pre-explosion mass-loss, which
aids in progenitor classification [42, 43]. An existing early warning system,
the Supernova Early Warning System (SNEWS) [46], facilitates this process.
SNEWS is a public alert system where multiple neutrino experiments report
candidate MeV neutrino bursts. When a potential burst is detected, it is re-
ported to a central server, which then disseminates the alert to the astronomi-
cal community. Besides providing early warnings, observing MeV neutrinos is
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also valuable for understanding SN dynamics and identifying those that ended
in a Black Hole (BH)[37, 47].
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Figure 3.2. The luminosity as a function of time for different messengers from a

CCSN. We can see how the neutrinos and gravitational waves would appear before
the SBO electromagnetic signal. Reproduced from [48].

To understand the production of MeV neutrinos and their significance, we
can look at the stages of core collapse and explosion that create an environment
conducive to high fluxes of these neutrinos. The discussion on this topic will
be brief here, enough to understand the contrasting differences between the
low- and high-energy neutrino production in CCSNe. Core collapse begins
when silicon fusion produces iron peak nuclides, forming an iron core sur-
rounded by lighter element shells. Until this point, the gravitational pressure of
the core was balanced by the endothermic pressure from fusion reactions. The
core, which continues to grow due to fusion in the surrounding silicon shell,
is supported by electron degeneracy pressure until it reaches Chandrasekhar
limit, My, 2 1.2 — 1.4M,. At this point, the electron degeneracy pressure can
no longer counteract gravitational pressure, leading to gravitational instability
and the onset of collapse. As the core contracts, its temperature rises, generat-
ing thermal photons that photodisintegrate iron nuclides into ¢-particles and
free nucleons (neutrons, protons). From this moment on, the rest of the star’s
lifetime is dominated by neutrino processes.

3.1.2 Low-Energy Neutrinos

Iron photodisintegration during the initial phase of stellar collapse results in
many free nuclides. As the core density increases, electron capture becomes
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the dominant process (see Table 3.1 for key reactions), producing electron
neutrinos. These neutrinos initially escape, reducing the lepton number and
accelerating the collapse (see upper diagrams from Fig. 3.3). However, neu-
trinos are eventually trapped as the collapse progresses because their diffusion
time exceeds the collapse time due to NC scattering of v, with heavy nuclei.

p. < 102 glem? Prore ~ 101 glem?

Meutrinos are trapped \
. JRTCLL When p, = 10" gfem® ! :
H - Core bounces ‘

Gravity

ey,
.

v emission (some)

V.
Bt ~ 10° erg ﬁ ’? )

LIGHTCURVE!

. |
Meutron Star / .
Black Hole B

Figure 3.3. Condensed view of the core-collapse supernova process, where we can
see the key moments in the collapse, along with the different densities.

When the core reaches nuclear matter density (p, ~ 10'* g/cm?), the equa-
tion of state becomes stiffer due to nucleon repulsion, causing the inner core to
rebound. This rebound generates a shockwave that moves outward, expelling
the infalling layers. However, this shockwave alone is insufficient to trigger
a supernova explosion as it loses energy by dissociating iron. Simulations
indicate that purely hydrodynamic mechanisms are inadequate [49, 50]. In-
stead, delayed neutrino heating is a favored mechanism for reviving the shock
and causing the explosion [51, 50]. As the shockwave expands, electron cap-
ture generates more V,, which remain trapped behind the shockwave until it
reaches the neutrinosphere?, about 1-2 ms after bounce. This release of neu-
trinos causes a sudden reduction in lepton number, leaving an abundance of
positrons, resulting in shock stagnation.

In order to revive the shock, the gravitational binding energy must be re-
leased. As plasma infall continues, the pressure and temperature behind the
shock increases, disintegrating heavy nuclei into free nucleons. Now, with an
excess of neutrons, positron capture takes place, producing electron antineu-
trinos. Heavy lepton neutrinos are produced through pair production as the

3Neutrinospheres are regions where neutrinos undergo one last interaction before escaping.
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] Beta processes

B~ decay AZ) - (A-1,Z+1)4+e +V,
e and v, capture by nucleons e +pentv,
et and v, capture by nucleons et +n<p+v,
e~ and v, absorption by nuclei e +(AZ) = (A Z-1)+V,
] Thermal pair production and annihilation processes ‘
Nucleon-nucleon Bremsstrahlung N+N<+<N+N+v+V
Electron-positron pair process et t+e VvV
] Neutrino scattering ‘
Neutrino scattering with nuclei V+(A,Z) < v+ (AZ)
Neutrino scattering with nucleons V+N & VAN
Neutrino scattering with e™ vtet o vet
] Neutrino-neutrino reactions ‘
Neutrino pair annihilation Ve 4V, < Ve + Vi
Neutrino scattering Vi + (Ve, Ve) < Ve + (Ve Vo)

Table 3.1. Important neutrino processes in CCSNe and other transients. V., =
Vu,Vu, Ve, Vo, N = nucleon. v = all flavors. A = mass number (total protons and
neutrons), Z = atomic number (number of protons).

core temperature rises. The interplay of energy loss and gain forms a cooling
and gain layer around the neutrinosphere, where neutrino energy deposition
helps to revive the shock. The most important reactions that deposit the most
energy behind the shock are beta processes, also referred to as URCA pro-
cesses*. Upon shock revival, an explosion occurs, heating the outer shells and
synthesizing radioactive isotopes like >’Ni. As the Proto-Neutron Star (PNS)
cools, it emits energy through neutrinos, resulting in a mass outflow known as
the neutrino wind. After the explosion, the PNS enters the Kelvin-Helmholtz
cooling phase, where it continues to lose its remaining gravitational energy via
neutrinos over approximately 10 seconds.

Low-Energy neutrino lightcurves

There have been many efforts to simulate the hydrodynamical conditions [50,
53, 54, 55, 8] in order to explain the explosion mechanism, requiring the-
oretical input of equations of state, neutrino physics, progenitor conditions,
magnetohydrodynamics of the stellar plasma, and relativistic gravity to obtain
a simulation of the signal output such as optical lightcurves, spectra, neutri-
nos or gravitational waves. One such example of simulations is the theoretical
prediction of the neutrino lightcurves.

4This name comes from Casino de Urca, where George Gamow and Mario Schenberg noticed
the rapid loss of money. In this case, the process of neutron decay that produces a proton and a
V, is only followed by a proton-electron capture which emits another v,, thereby rapidly losing
energy [52]
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Figure 3.4. Neutrino luminosity evolution for different flavors as a function of the time

post-core bounce, separated into three stages: Left panel) Neutrino burst post-core

bounce. Middle panel) Shock stagnation and neutrino heating emission. Left panel)

PNS neutrino cooling (the plotted values are scaled up by a factor of 2). Reproduced

from [56].

In the pre-shock breakout phase (left panel of Fig. 3.4), the luminosity of
V, rises briefly due to electron capture, but it is too low for detection. A sud-
den dip occurs when neutrino trapping sets in, followed by a significant burst
in luminosity. The luminosity for Vv, and the other flavors vy remains mini-
mal due to low positron capture and pair production rates. In the post-bounce
phase (middle panel), the v, luminosity declines and then plateaus. The v,
luminosity increases due to positron capture in the hot PNS mantle alongside
electron capture. The v, luminosity also rises due to nucleon Bremsstrahlung.
Finally, during the cooling phase (right panel), v, slightly dominates as the
core releases 90% of its gravitational binding energy over approximately 10
seconds through neutrino emission. Most neutrinos have mean energies be-
tween 9-18 MeV. Some models also propose shock acceleration within the SN
shockwave, where heavy lepton neutrinos with energies around ~ 100 — 200
MeV could be produced [57].

SN 1987A

The first, and to date, only SN to be observed through neutrinos is SN 1987A.
This SN originated from an 18M blue giant and was a Type II SN visi-
ble to the naked eye in the LMC, located 50 kpc away from our Galaxy
[7]. On February 23rd, 1987, it was detected by two water Cherenkov de-
tectors, Kamiokande-II [4] and IMB [5], which recorded 19 low-energy Vv,
(O(MeV)) neutrino candidates over a 13-second interval, consistent with the
delayed-neutrino heating model. Additionally, the scintillator detector Baksan
observed neutrino candidates coinciding with those detected by the two water
Cherenkov detectors [6], bringing the total to 25 neutrinos (Fig 3.6).

In addition to neutrinos, SN 1987A was the first SN to be observed through
multi-wavelength EM observations due to its proximity [7]. These observa-
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Figure 3.5. Optical image of the supernova SN 1987A. Right image) SN 1987A image
taken after exploding in February 1987. Left image) SN 1987A image taken prior to
the explosion, highlighted by an arrow. Reproduced from [58].
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Figure 3.6. The SN 1987A neutrino candidates observed by Kamiokande, IMB and
Baksan. The y-axis shows the neutrino energy and the x-axis the time of the observa-
tion. Reproduced from [59].

tions allowed for detailed studies on the energetics and the light curve, pro-
viding a deeper understanding of the progenitor and core collapse. They also
offered insights into dust formation and Circumstellar Material (CSM) emis-
sion before the explosion by analyzing the evolution of the light curve [7].
Furthermore, the interaction between the shock and the surrounding CSM led
to studies of HE (O(GeV)) neutrino candidates that Kamiokande-II and IMB
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observed after the MeV neutrino events, where a 3¢ significance was found
[60].

3.1.3 High-Energy Supernova Neutrinos

So far, we have only discussed the mechanism of thermal neutrino produc-
tion. However, there is also the mechanism of interaction-powered super-
novae, where the ejecta or jetted material shocks with a medium, accelerating
protons that produce HE neutrinos immediately after or with a delay relative
to MeV neutrinos. Most CCSNe likely have some degree of shock interaction
with the CSM [61, 62, 63, 64, 65] because the observed EM luminosities from
these sources cannot be fully explained by radioactive decay alone, such as the
decay of *°Ni which is produced during the explosion. This shock-interaction
mechanism relies on particle acceleration, with proposed scenarios like rela-
tivistic jets produced during the collapse, such as those from low-luminosity
GRBs [66] or post-collapse such as SN ejecta-CSM interaction [67], or even
pulsar winds from fast-rotating NS interacting with the supernova remnant
[68]. All these scenarios typically model emission through the diffusive shock
acceleration of charged particles. In this Section, we will cover the HE neu-
trino production mechanism, focusing on two sites of acceleration: the inter-
action of the ejecta with CSM and the interaction of a jet with material, where
the jet becomes choked and only neutrinos can escape.

High-energy neutrino production

High-energy neutrinos are produced via the decay of mesons that are gener-
ated when CRs are accelerated to high energies. The exact mechanisms by
which CRs achieve these very high energies are not entirely understood, but
several theories have been proposed. These include the inductive acceleration
mechanism or one-shot mechanism, where particles are continuously acceler-
ated by an ordered magnetic field [69], and the diffusive acceleration mecha-
nism (Fermi first order), where the particles are accelerated in bursts as they
interact with highly magnetized regions [69]. In the latter case, the kinetic en-
ergy from the moving magnetized plasma is transferred to individual charged
particles linearly with each collision. Fermi first order is currently the most
promising theory to explain CR acceleration [70, 64, 71].

Interactions that produce neutrinos

Photohadronic Interaction

When CRs interact with the surrounding radiation, the interaction can lead to
a AT (1232) resonance or A°, which then decays into a neutrino. The reactions
involved in this process are;
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Hadronuclear Interaction

The accelerated protons can interact with the gas at the source or in clouds,
producing many unstable hadrons. The decay will have a spectrum like the
initial proton spectrum, resulting in a neutrino energy spectrum following that
of the proton.

N S X+7F 5 X +puE+vu(Vy) = X+ et + v (Vo) + v (V)
pp =X+ s X+2y
3.3)

where X is any secondary heavier than a pion that can decay into pions.
The approximate flavor ratio for photohadronic and hadronuclear interactions
1S~ Ve :Vy:ve=1:2:0 at the source [72]. After neutrino oscillation, this
ratio becomes ~ V, : v, : V¢ = 1 : 1 : 1 when observed at Earth [29]. Assuming
that 20% of pion’s energy is transferred to the proton, the neutrino energy is
approximately Ey = 0.05E, [70, 73]. The resulting neutrino spectrum will
depend on the proton and photon spectra, and cooling processes will affect the
fluence [29].

CSM-ejecta

The progenitor star can undergo significant mass loss during its lifetime, shed-
ding part or even the entire envelope. Most stars are believed to experience
mass loss before exploding [65], with more extreme mass loss observed in
Type IIn SNe [65]. This pre-explosion mass loss forms what is known as
the CSM. While the mechanisms behind this mass loss are not fully under-
stood, several theories have been proposed. These include the star nearing
its Eddington luminosity [74], as seen in SN 2005gl, where outbursts were
observed years before the explosion, and high-luminosity pre-explosion neu-
trinos produced during nuclear reactions following carbon burning [74]. The
mass loss rate varies by SN type, with common Type II-P supernovae exhibit-
ing rates around ~ 107°M_, yr~![64], and Type IIn supernovae showing rates
of > 107*M_, yr—! [64]. In rare extreme cases, such as SN 2006gy, mass loss
rates as high as 1M, yr—! have been observed [75]. Such high rates can ex-
plain phenomena like superluminous SNe with dense CSM [76] and may even
indicate the emergence of new SN classes [77].

The presence of CSM and the corresponding mass loss rate can be inferred
from EM light curves [63] and spectra, particularly when SN ejecta interact
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with the CSM. This interaction can be detected through X-ray or radio emis-
sions if the CSM is dense [61, 64] or through UV, optical, and NIR emissions
[78]. Studying the CSM helps constrain the progenitor’s mass [79]. The den-
sity of the CSM has been proposed as a factor influencing the timing of the EM
shock breakout, with denser CSM causing delays from approximately 1 hour
to several days after the explosion [80]. For simplicity, the CSM and ejecta
are often assumed to be spherically symmetric [64]. However, this neglects
hydrodynamic instabilities like Rayleigh-Taylor, which occur at the shock in-
terface between surfaces of different densities. Efforts to model these instabil-
ities in 2D [75] have shown that interactions of the ejecta with an aspherical
CSM can lead to significant variations in the EM light curve. Additionally,
the CSM and ejecta can be lumpy, as suggested by the hotspots observed in
SN 1987A [64]. Despite many unknowns, the CSM-ejecta interactions are
well-established through EM studies [61, 64, 63, 80].

Forward Shock

Figure 3.7. Schematic of the CSM-Ejecta interaction. The central compact object
(BH or PNS, in black) is surrounded by the ejecta (blue), and the dense CSM is indi-
cated in light blue, where the gradient in color describes the density, darker being the
highest density. The dotted black line indicates the breakout radius r;. The magenta
line indicates the forward shock’s propagation and the dashed black line indicates the
deceleration radius of the ejecta, or Rpgc. Adapted from [81]

HE Neutrinos from CSM-Ejecta

When the supernova explodes, the shock propagates through the stellar enve-
lope, traveling out with an ejecta mass M, ;, energy €, and velocity vg,. It then
collides into the dense CSM with density p,gy,, which is typically assumed to
be near-stationary or stationary relative to the ejecta velocity [82, 81], form-
ing shocks (Fig. 3.7). However, particle acceleration cannot occur until these
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shocks cease to be radiation-dominated or until the shock reaches an optically
thin region to Thomson scattering [83]. This region is often parametrized as
when the optical depth of Thomson scattering reaches 77 ~ -, where c is the
speed of light, and this point determines the time #; of the EM SBO, occur-
ring at a radius r; ~ vgt;. In the case of a dense CSM, the SBO occurs at a
much greater distance than the typical stellar radius [83, 81, 80], meaning ac-
celeration will take place at a radius r,.. > r;. At this point, the shocks become
collisionless, allowing particle acceleration via mechanisms such as first-order
Fermi acceleration.

Efficient magnetic field amplification is needed to accelerate CRs to suffi-
ciently high energies via scatterings in the plasma or magnetohydrodynamics.
Quasi-parallel shocks, as shown in [64], produce the most significant mag-
netic field amplification. However, this assumption may only hold for some
cases, such as rotating progenitors [64]. Accelerated CRs lose energy through
various processes, such as adiabatic losses, photohadronic, and hadronuclear
inelastic scatterings. As long as the acceleration timescale is shorter than the
combined cooling timescales, CRs can reach their maximum energy [66, 84,
85]. The HE neutrinos produced by CRs follow a spectrum similar to that
of the parent d}j% o< p~¥ [67, 84, 82], where p is the proton momentum, and
Ncr is the CR number density. For quasi-parallel shocks, the proton index s
is typically 2.0 [82]. Neutrinos produced in the interaction of CSM-ejecta are
expected to arrive at Earth with a delay relative to the core bounce, as seen in
Fig. 3.8a, where they are expected to arrive at Earth anywhere from 0.1 day to
1 year after, with energies spanning from hundreds of MeV to TeV (see Fig.
3.8b). Type IIn and II-P SNe, which have the largest mass loss and denser
CSM, are predicted to produce the highest fluences [84, 82, 86, 87].

Modeling the CSM-ejecta interaction and resulting neutrino fluxes involves
a significant parameter space with considerable uncertainties. For example,
increasing the proton spectral index s typically reduces neutrino production
[84]. The density of the CSM also plays a crucial role; higher densities lead
to increased neutrino fluxes [86, 88]. Other important factors include the mass
loss rate, shock velocity, wind velocity, and CSM profile [87], as well as the
homogeneity of the CSM [67]. These variables highlight the complexity and
uncertainty in modeling neutrino production in supernovae.

Choked jets

Another mechanism for producing HE neutrinos in SNe involves the pres-
ence of jets. During the collapse, massive jets can form and travel through
the stellar envelope, often accompanied by a significant GRB [89]. Unlike
CSM interactions, which are common in many CCSNe, identifying progeni-
tors with jets is more challenging due to observational difficulties. For jets to
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Figure 3.8. Neutrino predictions for a CSM-ejecta model. (a) Shows the neutrino
lightcurves for different SN types. (b) Neutrino fluences for different types of SN,
assumed to be at a distance of d = 10 kpc, and integrated over different ¢,,,,, which is
the maximum integration time (see [84] for details). Thin curves represent s = 2.0 and
thick curves s = 2.2. Reproduced from [84].

form, a central engine such as a BH is necessary [90]. The formation of jets in-
volves the infall of matter into a rapidly rotating core, which then gets ejected
through axisymmetric, collimated channels. Progenitors capable of forming
such jets are typically massive stars with masses 2> 25 —28M;, [91, 90]. These
jet-producing SNe are often associated with Type Ib/Ic [92] and potentially
Type IIb [93]. Observational evidence includes SN 2007gr, a Type Ic SN with
mildly relativistic radio jets [94], and a Long Gamma-ray burst (LGRB) with
emission duration of 2> 2 — 103 s [90], such as GRB 171205A associated with
SN 2017iuk, a Type Icn SN that exhibited jet signatures [95].
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Figure 3.9. The different models of neutrino production in SNe with jets, where CJ
stands for choked-jet, Ry, is the jet’s stalling radius, and CE is the central engine.
Left image) Choked-jet model where only orphan neutrinos would be observed. Mid-
dle image) Model for low-luminosity GRBs, where the EM emission breaks out of the
cocoon, and precursor neutrinos would appear before the EM emission. Right image)
Standard GRB, where both the neutrinos and the gamma rays are emitted. Adapted
from [89].

We can broadly classify the jets into three categories: GRBs with relativistic
jets, which have a Lorentz bulk factor of I', 2 100 [90], low luminosity GRBs
with mildly-relativistic jets, with I';, < 100 [89] and Choked-Jet (CJ) with
I, =3—10[96, 97, 98]. For GRBs, since the jet is highly relativistic, they can
traverse the stellar envelope, eventually breaking out in a dramatic gamma-ray
display and potentially producing HE neutrinos [89] (Fig. 3.9 right model
or prompt neutrino model). However, such bright events are rare to observe
from Earth because the jet must be pointed directly at us. The occurrence is
tied to the jet’s beaming angle 6; ~ 1/T",, which means that the probability
of the jet pointing towards Earth scales as ﬁ [97, 90, 99]. For instance, for

a jet with I', = 100, the chance of it pointing at Earth is Wloo’ making these
events relatively infrequent. Alternative scenarios include less collimated jets,
such as low-luminosity GRBs. These jets, with a smaller I',, may interact
with the stellar envelope without entirely escaping, leading to observable EM
emission and some neutrinos [89] (see Fig. 3.9 middle figure). The third
model, and the focus here, is the CJ (Fig. 3.9 left or orphan neutrino model),
where jets with I', =3 — 10 [96, 97, 98] do not break out of the stellar envelope
[90, 97, 100, 101]. These types of jets do not produce visible EM signals,
except potentially for a faint radio afterglow [97]. However, HE neutrinos
produced in the shocks can escape. Since CJ is less collimated, they are more

30



likely to be pointing at Earth, with estimated probabilities ranging from Tls to
ﬁ. As a moderate estimate, this type of jet is thought to occur in 10% of

Type Ib/Ic and IIb SNe [97], and potentially up to 4% of all CCSNe [96, 102].

Figure 3.10. Schematic of a choked jet in a collapsing supernova, where the jet fails to
burrow through the envelope. We can see how the jet would form from the BH infall.
Reproduced from [90].

There are several proposed explanations for how the jets would get choked:
a dense CSM, which would obstruct the jet’s progress, preventing it from es-
caping the stellar envelope [103, 89], a short central engine time, where if it has
a short-lived activity period, it may not provide with enough time for the jet to
break free [104], a too slow jet [90], or a combination of these factors [104]. In
all cases, the result is that the jet becomes choked within the envelope, leading
to the formation of internal shocks within the jet and at the interface between
the jet and the surrounding stellar material (see Fig. 3.10). Through particle
acceleration, HE neutrinos with energies reaching the PeV range are produced
(Fig. 3.11). These neutrinos are primarily generated through the decay of
pions and kaons [90, 96], or in some models, through the decay of charm
mesons [101, 100]. The emission timescales of these neutrinos are typically
short-lived, lasting on the order of 10-100 seconds [90, 96, 101, 98, 105].

After having established the neutrino production for stellar death, cover-
ing both low- and high-energy neutrino production, and knowing that SNe
can leave behind BH and PNS, we can transition to what happens next in the
system’s evolution.
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Figure 3.11. The expected neutrino flux for the choked-jet model, for the different
interaction channels, at a distance d = 20 Mpc. Reproduced from [101].

3.2 Neutron Star Mergers

A NS is the end-product of intermediate-mass stars once they undergo core
collapse. It primarily consists of neutrons, and its degeneracy pressure sup-
ports the star [106, 107]. They come in a limited mass range, from 0.5 —5M¢
[106], small radii of 10-12 km [107], and have extreme densities of p >
1014g / cm? [107] and extreme magnetic fields of 103G [108]. Their existence
was first confirmed on November 28, 1967, when Bell and Hewish observed
a rapidly varying radio source, CP 1919421 [106], or a pulsar. NS are also in
beta equilibrium, meaning the electron capture and beta decay rates are bal-
anced, keeping the star’s composition stable [107, 109].

After a SN, a newly formed PNS is extremely hot, with temperatures around
50 MeV or 10" K [108, 110]. It cools rapidly via neutrino emission and
stabilizes, reducing to a core temperature of about 10° — 10'° K (0.5-1 MeV)
and a warmer crust [108, 109, 111]. Over 10-100 years, heat from the crust
is transported inward, and the NS becomes isothermal [108], with a surface
temperature 103 — 10 K [108]. Throughout its lifetime, the star emits X-ray
photons [108]. Neutrinos are thought to play a key role in cooling the NS,
as its matter is optically thick to photons, meaning that only the surface cools
via EM emission [108]. Theoretical models are used to understand matter
at these extreme densities, as direct measurements are not feasible, and we
can only approximate the behavior of matter at this state via extrapolation of
laboratory data [109]. While NS serve as valuable astrophysical laboratories
for studying such high-density matter, this thesis focuses on the signatures of
the NS mergers rather than the NS themselves since the neutrino flux from the
cooling is too low and over too long timescales to be observable.
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3.2.1 Mergers

NS mergers occur in a binary system with either another NS or a BH. Over
time, gravitational waves cause the system’s orbit to decay, leading to a Compact
Binary Coalescence (CBC). This event is expected to produce a variety of sig-
nals, including neutrinos, within a very short timescale (milliseconds to sec-
onds) [112, 113]. Simulating such systems is highly complex, making it dif-
ficult to predict precisely how and when these signals will appear. However,
GW and EM emissions have been observed from mergers. For instance, GW
170817 was the first observed Binary Neutron Star (BNS) merger detected by
LIGO [114], and Fermi-GBM also saw it as a Short Gamma-ray burst (sGRB)
of 2 seconds, GRB 170817 [24]. An optical counterpart was identified within
the GW error region, confirming the presence of a kilonova [115]. Neutri-
nos from mergers, however, have not yet been observed, which means that
their production and timing remain uncertain. However, research continues,
and one of the starting points is the similarity to CCSNe, suggesting that, like
CCSNe, mergers should release a substantial amount of gravitational binding
energy, 0(10°2-10°3 erg), in the form of thermal neutrinos [112]. To better un-
derstand the production of low-energy neutrinos during a NS merger, we need
to examine what happens during a coalescence, where the violent event heats
high-density matter [116], allowing for the production of a burst of neutrinos
[117, 112] that would be coincident with a GW signal [117, 118, 119].

Merger Dynamics

Merger dynamics in BNS and Neutron Star - Black Hole (NSBH) systems
are driven by the interplay between pressure, gravity, and centrifugal forces,
leading to different outcomes depending on which force dominates. If grav-
ity is the strongest, in the case of a BNS, the merger will collapse into a BH
[113]; however, if pressure and centrifugal forces can counteract gravity, the
merger core bounces back, forming a rapidly rotating Hyper Massive Neu-
tron Star (HMNS) [113]. The HMNS can be short-lived (less than 5 ms) or
long-lived (more than 5 ms) [113], depending on the equation of state and the
total mass of the binary system. It survives temporarily due to shock-induced
thermal pressure [117] but eventually collapses into a BH after losing angular
momentum via GWs [113, 117] and potentially neutrinos [117]. Both sce-
narios lead to the formation of an accretion disk (torus) around the compact
object (see Fig. 3.12).

Several sites can produce a burst of thermal neutrinos in these mergers with
timescales of milliseconds to seconds: at the contact interface in the merger,
where matter can be released in polar jets or isotropic outflows [118]; from
matter ejected post-merger either via viscous heating (see Fig. 3.12) or neu-
trino driven winds; from the hot part of the accretion disk [119, 120]; and
during the cooling phase of the merger remnant or HMNS prior to collapse
[117,119].
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Figure 3.12. Schematic of a merger with a BH that has a torus and jets. Going from
the earliest to the latest outflow in time: The dynamical ejecta (violet) is the earliest
outflow expected, with the neutrino-driven (green) next and finally the viscous ejecta
(orange). Typical values for the outflows are given in the image, where M is the total
mass for each respective outflow, and v is the velocity of each outflow. Reproduced
from [120].

3.2.2 Low-Energy Neutrinos from Mergers

As we have seen, several sites can produce thermal neutrinos in mergers. How-
ever, most simulations do not extend beyond a few milliseconds in their time
evolution [119] and rarely simulate all the regions. It is theorized that the com-
pression of dense, neutron-rich matter raises the temperature to levels where
URCA processes can occur [119] (see Table 3.1). In all potential sites of ther-
mal neutrino production, the neutron-rich environment favors positron cap-
ture on free neutrons over electron capture, making v, the dominant emission
[112, 121], particularly in the shocked regions of the accretion disk [121].
Electron neutrinos are expected to be less dominant and likely emitted from
the polar regions [121], while heavy lepton neutrinos would contribute only
about 10% of the total neutrino luminosity [112]. These thermal neutrinos are
also believed to play a crucial role in launching jets during mergers through en-
ergy deposition at the poles via v — V annihilation [113, 122], and potentially
produce a GRB. These estimates depend on each site’s density and electron
fraction. Neutrino luminosities are expected to range from 10°2-10°3 erg/s
[112, 120], with larger masses yielding higher luminosities [112]. Depending
on whether the neutrinos are produced quasi-isotropically or at the poles, the
observable luminosity could vary by a factor up to 20 [112] (see Fig. 3.13).
Our understanding of these objects remains limited, even with the advance-
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ments in GW detectors like LIGO-Virgo-KAGRA (LVK). To fully compre-
hend the dynamics of mergers and the behavior of matter at supra-nuclear
densities [123], it is vital to study these events using as many messengers as
possible, including neutrinos.

Figure 3.13. The neutrino luminosity as a function of solid angle for different flavors.
The y-axis shows the neutrino luminosity as a function of the solid angle ¥ in units
of erg/s, and the x-axis shows the solid angle in degrees, where O represents ’pole-on’
and 90 represents the "edge-on’ view. Reproduced from [112].

3.3 Gamma-Ray Bursts

NS mergers are known to produce GRBs, as evidenced by the sGRB observed
immediately following the GW 170817 event [124]. The prevailing theories
suggest that GRBs originate from either a merger involving NS (kilonovae) or
from collapsars, where massive stars collapse into black holes. Kilonovae are
believed to cause sGRB (lasting less than 2 seconds) [125] and collapsars are
thought to be responsible for LGRB (lasting more than 2 seconds) [126]. Both
scenarios are theorized to involve massive accretion disks and possibly jets
of matter, which release enormous amounts of energy in the form of gamma-
rays (ranging from 10°° — 10°2 erg [127]). This implies a significant energy
budget and an efficient mechanism for energy release, where neutrinos could
be produced [127].

35



3.3.1 GRB Lightcurve

When matter falls into a central compact object, conservation of angular mo-

mentum causes the formation of an accretion disk around the object [127].

These disks are found in various astrophysical systems, including GRBs. While
many models exist to describe them, in systems with low accretion rates, the

disk is primarily composed of plasma and are dominated by photon radiation.

However, in systems where a large amount of mass is accreted, such as in
GRBs, a hypermassive accretion disk can form, in which free baryons become

the dominant component, potentially leading to the production of thermal neu-

trinos [127]. The general anatomy of a gamma ray light curve for a GRB is as

follows (see Fig. 3.14):

* Precursor: Pre-peak emission, occurring seconds to hundreds of sec-
onds before the main emission [128]. It is estimated that 10% of sGRB
and 20% of LGRB have this emission [129].

* Quiescent period/s: Little to no emission is observed [129].

* Prompt: main emission episode, which is identified as the episode where
the highest peak in flux is observed (denoted as Peak Flux R in Fig.
3.14). This episode contains about 90 to 100% of the total flux, depend-
ing on whether there is a precursor or a post-peak emission.

* Post-peak: Finally, some GRBs (about 20% [129]) may have a post-
peak emission, which could be tied to afterglows [129].
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Figure 3.14. Anatomy of a GRB gamma-ray lightcurve, where the y-axis represents
the counts and the x-axis represents the time. Reproduced from [129]
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3.3.2 Low-Energy Neutrinos from GRBs

It is unknown what powers the central engine of these events. However, neu-
trinos play a crucial role in many models attempting to explain these events,
particularly in the precursor and prompt phases (see Section 3.1.3 and Fig.
3.9). These models often involve components such as accretion disks, jets,
and fireball mechanisms to account for the observed phenomena [127, 128].

Neutrino Dominated Accretion Flows

In the hyperaccretion disks of GRBs, the extreme densities and temperatures
(p =10'"—10"g/cm?® and T = 10'° — 10!"'K) lead to conditions where pho-
tons become trapped, preventing them from escaping the disk [127]. In this
environment, a significant amount of thermal neutrinos is produced, primarily
through URCA processes, along with other neutrino reactions (see Table 3.1).
These neutrinos are emitted from the disk’s surface [128, 130, 131], carrying
away energy generated by viscous dissipation—the conversion of gravitational
potential energy into thermal energy within the disk [127, 130]. The dominant
neutrino flavors emitted are v, and v, [127, 131], with a slight preference for
Vv, due to higher density of neutrons compared to free protons in the disk [131].
These thermal neutrinos then annihilate, producing electron-positron pairs,
which are thought to drive the outflows that power the GRB [127, 131]. These
disks are called Neutrino Dominated Accretion Flow (NDAF) [127, 128, 130].

Region |l
Region | Region Il I
I

rfrap T r ign

Figure 3.15. Schematic of a NDAF, showing the different regions. The horizontal
axis represents the radii for the different regions, and the color scheme represents the
composition of the disk, from free baryons (blue) to plasma (magenta). Adapted from
[127]

There are three different regions in the NDAF, each characterized by dif-
ferent physical conditions and cooling mechanisms (see Fig. 3.15). The in-
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nermost region (Region I) lies at a radius where neutrinos become trapped
(r1rap), a condition dependent on the accretion rate; the middle region (Re-
gion III) is defined by the radii where the disk is opaque to neutrinos (ry, rv),
meaning that neutrinos cannot escape easily. Finally, the outermost region
(Region II) is where neutrino cooling dominates, extending to the ignition ra-
dius r;g,—beyond which other cooling mechanisms, such as photon emission,
become significant [127]. In general, the rate of neutrino cooling decreases
with increasing radius due to the drop in temperature and density as you move
further from the central compact object [131]. The neutrino emission from
NDAF is quasi-isotropic, with only mild angle dependency, meaning these
neutrinos should be detectable event if the GRB’s beam is not pointed directly
at Earth [131].

Fireball

In the fireball model, the thermal neutrinos produced in the accretion disk can
annihilate above the disk, generating electron-positron pair plasma or a hot
fireball that expands relativistically [132, 133]. This fireball then undergoes re-
combination into photons through the process e + e~ — y+ . However, due
to the fireball’s opacity to photons [132, 134], these photons cannot escape. In-
stead, other processes that produce thermal neutrinos can take place, including
electron-positron annihilation (e — +e — v + V), neutrino pair photoproduc-
tion with electrons (y+e*/~ — e/~ 4 v 4 ¥), photon decay (y — v -+ V) and
two-photon annihilation (y+ Yy — v+ V) [135]. Since the fireball is not opaque
to neutrinos, these could promptly escape [132, 134] in a massive burst (mil-
lisecond to second) of neutrinos, with fluency at Earth for this model being:

E, 65MeV\ [4000Mpc\*
P, =1 3.4
v <2>< 1053erg> < E, ) < d > I

where E\y is the neutrino energy, d is the distance to source, and Ey, , is the
total bolometric energy released [132].

BZ Jets

Jets in GRBs are believed to be produced by either a rotating BH or an accre-
tion disk surrounding the BH [128]. These jets, often referred to as Blandford-
Znajek jets (BZ) [136], are driven by the rotational energy of a spinning BH
in the presence of a magnetic field, along with an NDAF [137]. The jets can
go through different phases, such as precursor, shocked, and unshocked jet
stages [128]. This variation in jet behavior could explain the different emis-
sions observed in gamma rays and why some GRBs display a precursor phase
followed by a prompt phase, with a quiescent period in between (see Figs. 3.9,
3.14 and 3.16). Theories suggest that these jets are formed from the thermal
neutrinos produced in the fireball and NDAF [128, 130, 133]. For example,
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Figure 3.16. Anatomy of a GRB, showing the different progenitors and regions of
neutrino and photon emission.

the precursor phase of the jet is formed during a CCSN [128]. Here, the initial
shockwave moves outward but lacks the energy to eject all the stellar material,
resulting in a precursor that lasts a few seconds [128]. After this phase, a fall-
back accretion disk forms during the quiescent stage, leading to the collapse of
a PNS into a BH. This process generates an NDAF, which feeds a jet through
Vv + V annihilation [128, 130]. Although these jets do not directly contribute to
the production of thermal neutrinos, they are still part of the dynamical system,
and understanding when and how they could form can facilitate the search for
thermal neutrinos.

The common factor between the NDAF and fireball mechanisms is their
reliance on high-density (p = 10'? — 10'*g/cm?) and high-temperature (T =
10° — 10'! K) conditions. These conditions allow frequent nucleon-nucleon
interactions and provide sufficient thermal energy to overcome nucleon-binding
energies. While precise mechanisms powering GRBs remain uncertain, stud-
ies suggest that neutrino annihilation, particularly in NDAFs, could explain
many SGRBs and LGRBs [127], either with or without BZ jets. For more ex-
treme scenarios, such as Ultra-LGRBs, which may last tens of thousands of
seconds, magnetars—NS with powerful magnetic field—combined with BZ jets
are considered a plausible explanation [127].

The effects of the viewing angle have been examined, showing that gamma-
ray emission regions and timelines might appear different due to factors like
accretion disk precession around the BH [127]. In contrast, the impact of
viewing angle and BH spin on MeV neutrino luminosity is minimal [131].
Thermal neutrino luminosities from GRBs can vary significantly: they may
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be up to four orders of magnitude lower than those from CCSNe [131] or, in
more exotic scenarios such as magnetized NDAFs or extreme accretion rates,
could reach energy releases of 103*erg[138, 127]. The duration of neutrino
emissions also varies widely, from milliseconds to seconds for fireballs [132]
and under 2 seconds for mergers [131], and hundreds of seconds for collapsars
[131]. In the case of collapsars, NDAF neutrino emissions might overlap with
the PNS neutrino emissions if the PNS survives for a period before collapsing
[131, 139].
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4. How to Observe Neutrinos from Transients
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Figure 4.1. Neutrino interaction cross section in millibarn (mb) for a scattering process
Ve.e~ — V.e~ as a function of neutrino energy. We can see the different experiments
and which energy regimes they can access, highlighting different sources at different
energies. Reproduced from [140].

Neutrinos rarely interact with matter, making them a challenge to observe.
The neutrino cross-section, which tells us how likely it is to interact, increases
with neutrino energy but remains small. For instance, at an energy of 1 GeV,
the cross-section is on the order of 10°8cm?/GeV. The work presented in this
thesis focuses on neutrinos from transients that can produce a burst of MeV
neutrinos as well as HE neutrinos (O(>GeV)). Therefore, we will cover the
main interactions by which we can observe neutrinos in these energy regimes
and the relevant detection technologies. Specifically, Cherenkov light detec-
tors will be highlighted, as they can detect low-energy and HE neutrinos from
transients, as shown in Fig. 4.1.
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Threshold-less processes

Coherent scattering | V+A = vE+AF | NC
Low-energy processes (~ 0.1 — 100 MeV)

Inverse beta decay Vo+p—et+n CcC

ES with electrons (V,v)+e™ = (V,v)+e” NC

ES with electrons (Ve, Vo) + e = (Ve, Vo) + €~ CcC

v-nucleus interactions | v, + (N,Z) e~ +(N—1,Z+1) | CC
v-nucleus interactions | V,+ (N,Z) et +(N+1,Z—1) | CC
Intermediate energy processes (~ 0.1 —20 GeV)

QE with nucleon (V,V)+ N = N +I1F CcC

ES with nucleon (v, v)+ A = (V,v)+ 4 NC
Deep inelastic scattering (> 20 GeV)

Charged current DIS (V,V)+ A4 = 1F+X CC

Neutral current DIS (V,v)+ A = (V,v)+X NC

Table 4.1. Important neutrino interactions for observing neutrinos from astrophysical
transients [141, 142]. ES stands for elastic scattering, and QFE for quasi-elastic scat-
tering. v denotes neutrinos of any flavor, A denotes the nucleus, N denotes the neutron
number in the nucleus, Z denotes the proton number in the nucleus, /N is the nucleon
and can be protons or neutrons, X = any final set of hadrons, and l is a lepton of the
same flavor as the neutrino.

Neutrino Interactions with Matter

To observe neutrinos, we can either use atomic electrons or nucleons as tar-
gets. Depending on the kinematic energy threshold, different channels will
dominate over the others. The energy thresholds at which certain interactions
dominate can be roughly separated into four [141]: Threshold-less processes,
low-energy for 0.1-100 MeV, intermediate energy for 0.1-20 GeV, and high
energy for over 20 GeV to TeV and up, as we can see in Table 4.1.

Interactions Relevant for MeV Regime

This subsection will cover the relevant interactions by which thermal neutrinos
from astrophysical transients (see Table 4.1), with mean energies between 10-
30 MeV, can be observed. Since CC interactions require energy to produce
the partner lepton, in the case of thermal neutrinos, only electron flavors have
sufficient energy to produce a partner lepton. For example, for an inverse beta
decay process, vy, and v; would require a minimum energy of about 116 MeV
and 3.4 GeV respectively ! to produce a muon or a tau lepton.

"The kinematic threshold energy for this interaction was obtained by using the formula Epinyy, >

+m) )2 —m? . . .
W [142], where m,, is the proton mass, mf is the lepton mass, and assuming that c=1.
P
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Figure 4.2. Relevant neutrino cross section for low energy electron (anti) neutrinos
for different targets. Reproduced from [142].

Coherent Scattering

This is a threshold-less process, where a neutrino of any flavor scatters off a
nucleus through NC, where the observable is the recoil energy or energy loss.
Although the interaction rate is quite large, with a cross-section that can reach
O(10~38c¢m?) in the MeV regime, which is several orders of magnitude larger
than other interactions at this energies, the recoil energy is too low, in the
O(few keV), making it a difficult channel to probe neutrino interactions since
it requires a very low background to observe the recoil.

Inverse Beta Decay

Inverse Beta Decay (IBD) has a kinematic threshold of ~ 1.8 MeV for v,,
lower than the expected mean energy from thermal neutrinos. The observable
are the secondaries: positrons and neutrons. For large-scale Cherenkov light
or scintillation detectors, since the targets are protons, the only observable is
the loss of positron energy. In some detection techniques, the neutron can be
captured by an isotope, which, when it decays, causes further energy loss in
the form of photons, which can be observed.
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Elastic Scattering with Electrons

All thermal neutrino flavors can scatter with electrons through NC, and for
CC interactions, electron-flavored neutrinos 2. The elastic scattering is an
important interaction for thermal neutrinos since the outgoing electron will
retain the directionality of the neutrino, allowing for a good pointing, unlike
inverse beta decay secondaries, which have no anisotropy.

Neutrino - Nucleus Interactions

Finally, for thermal neutrinos, we have the neutrino-nucleus interactions, where
v, and V, interact via CC with a nucleus, for example '°0, producing an elec-
tron or a positron, and all the other flavor neutrinos can interact via NC, with
a final state being an ejected neutron or an excited nucleus that can emit y’s
when de-exciting, both which can be observable depending on the experimen-
tal technique.

Interactions Relevant for >GeV Regime

Figure 4.3. Neutrino cross-section for different interaction channels up to ~ 100 GeV.
In solid, we can see the total contributions, in dashed the quasi-elastic scattering (QE),
in dot-dash the resonant production (RES) and finally in dotted the deep inelastic
scattering (DIS). Reproduced from [141].

2 Although it is important to note that V, is helicity suppressed by a factor of 3 compared to v,
[141].
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Elastic Scattering with Nucleon

In the intermediate energy range, we have the CC process of elastic scattering
with nucleon called quasi-elastic scattering and the NC process called elastic
scattering (see Fig. 4.3). There is also the inelastic scattering with a nucleon
called the resonant production, where when a neutrino interacts with a nu-
cleon, a baryon resonance is produced and quickly decays into a pion and a
nucleon. However, these interactions are sub-dominant for the high-energy
searches relevant to this work. They will not be covered further, except for the
Glashow resonance at very high energies.

Deep Inelastic Scattering

10—3[]

10—32

A [km]

102 104 10° 108
E, [GeV]

Figure 4.4. High-energy neutrino cross sections, showing the Glashow resonance.
The left y-axis represents the cross-section o, the right y-axis A the mean free path in
water for these reactions, and the x-axis the neutrino energy E,. The red curve is for
the Glashow Resonance process, and all the other curves are for DIS, where the solid
is for the neutrinos and dashed for antineutrinos. Reproduced from [143].

Deep Inelastic Scattering (DIS) is the last interaction channel we will cover,
and the crucial interaction channel for HE neutrinos, typically with energies
starting around 20 GeV and becoming dominant at 100 geV and above (see
Fig. 4.3 and Table 4.1). Unlike interactions at lower energies, which involve
the whole atomic structure or composites, DIS occurs at the parton level for
HE neutrinos. The cross-sections for CC and NC DIS interactions are similar,
but CC interactions are slightly more dominant [141], as we can see in Fig.
4.4. The following equations can approximate the cross-sections:
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E
ols = (1GZv)a X 5.35 x 1073¢ cm? (4.1)

E
ol¢ = (IGZV)“ x 231 x 1073% em?, (4.2)

where o represents the cross-section, Ey is the neutrino energy and o =
0.363. In CC interactions, the observable outcomes include both the hadronic
shower and the partner lepton. In contrast, for NC interaction, all the event in-
formation is contained in the hadronic shower. The inelastic neutrino-electron
scattering at high energies is suppressed due to the small target mass, except
at very high energies O(PeV). In this instance, when Vv, reaches 6.3 PeV, a
Glashow Resonance reaction can occur (see Fig. 4.4):

Vo+e — W — X, 4.3)

producing a W~ boson, which then decays into various secondary particles,
generating the observables. IceCube recently observed this resonance [144].

How are neutrinos observed

As we established earlier, many final state observables exist from different in-
teraction processes. Here, we will cover how these final states can be observed
with different detection methods for the different energy regimes.

Cherenkov Light Detectors

As a charged particle moves through a medium at a speed greater than the
phase velocity of light in that medium, it excites the medium’s atoms. As
these atoms return to their ground state, they emit photons. Because the par-
ticle moves faster than the phase velocity vy, of light in the medium, the
emitted photons are coherent and form a cone of light known as Cherenkov
radiation. The angle of this cone, which is the angle between the charged
particle’s direction and the radiation, 6., is given by:

cos(6,) = Llight (4.4)
v

where v is the velocity of the charged particle, and vj;g;, = 5 is the phase
velocity of light in the medium, with ¢ being the speed of light in a vacuum
and n is the refractive index of the medium. This phenomenon is known as
Cherenkov radiation, and it is used in various types of particle detectors to
identify HE particles. The number of emitted Cherenkov photons can be ob-
tained with the Frank-Tamm equation [145] and is dependent on the particle
energy E and the charged particle path length x (Fig. 4.5):

dNy _ 2maz?

.2 ~ 2 .2 -1 -1
TEge T e S (6.) ~370z°sin°(6,)eV~' cm 4.5)
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where o =~ % is the fine structure constant, z is the charge number of the
emitting particles, and h is Planck’s constant.

Optical Module

Cherenkov
Radiation

-« Charged particle path

Figure 4.5. The cone of light in the axis of the charged particle’s path. Depicted is the
topology of the light emission shown as 7’s, and how it would be observable for string
detectors.

The typical medium for Cherenkov detectors is water or ice due to its high
transparency, which allows Cherenkov light to travel considerable distances
with minimal absorption and scattering. The energy threshold for particles to
produce Cherenkov radiation depends on the medium. For example, in ice,
where the refractive index is n = 1.32, the energy thresholds are: ~ (.78 MeV
for electrons and positrons, ~ 162 MeV for muons and ~ 2.7 GeV for tauons
3. As a charged particle passes through the ice, the total number of photons
emitted per unit energy and unit length can be approximated using eq. 4.5:

2
Y B -
TEdx > 157eV" " cm™ 4.6)
assuming z = 1 for relativistic electrons. However, absorption effects can
reduce the number of observable photons, and scattering can alter the photon
angle, making it challenging to reconstruct the interaction vertex or accurately
estimate the neutrino energy. The transparency of water or ice mitigates these
issues, making them ideal mediums for such detectors.
These photons are then detected by Photo-Multiplier Tube (PMT)s, which
are often deployed in large arrays to cover significant volumes. Large-scale

30nly particles with r> % can be detected. The energy threshold can be derived using the
1

=

Lorentz factor y = , and using the lepton’s rest mass mgc?, leading to Eyy,, = ymoc>
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detectors, such as ANTARES/KM3Net in the Mediterranean Sea [9], Baikal-
GVD in Lake Baikal [146], and IceCube at the South Pole, use strings of
PMTs spaced out to monitor vast volumes of water or ice. Other detectors,
like Super-Kamiokande (Super-K) [11], use a smaller but more densely in-
strumented volume to capture the Cherenkov light.

When using Cherenkov detectors to observe MeV neutrinos, the IBD inter-
action is the dominant detection channel due to the abundance of protons in
water. In this interaction, a positron is produced, which generates Cherenkov
radiation. However, no directionality can be extracted since the resulting
positron does not travel in the neutrino’s direction. On the other hand, elas-
tic scattering of neutrinos with electrons, though a less frequent interaction
[142, 10], does allow for some reconstruction of the neutrino’s direction. De-
tectors like Super-Kamiokande, equipped with closely spaced PMTs, can re-
construct these events to provide directional information [142]. However,
large-scale Cherenkov detectors like IceCube, with their more sparsely placed
PMTs, cannot reconstruct individual events from the elastic scattering at these
energies.

Nevertheless, thanks to the enormous photon statistics from IBD interac-
tions, such detectors can provide a very good reconstruction of the burst tim-
ing. For HE neutrinos, DIS is the dominant interaction channel. This in-
teraction, particularly involving muon neutrinos, allows for good directional
resolution. Since the resulting muon can travel long distances, more sparsely
placed PMTs with large instrumented volumes increase the possibility of ob-
serving these events.

Scintillation Detectors

Scintillation detectors utilize PMTs surrounded by a liquid scintillator, typi-
cally composed of hydrocarbons [147], significantly increasing the number of
photons produced per unit of deposited energy. Due to these detectors’ high
abundance of free protons, MeV neutrinos are primarily detected via IBD or
NC elastic scattering. The observables in these interactions include the energy
loss from the charged particle, gamma rays from the annihilation of positrons,
neutron capture, or the de-excitation of nucleons. Notable examples of detec-
tors using scintillation technology include SNO+ [148], BOREXINO [149],
JUNO [150], and NovA [151], the latter of which employs both tracking
calorimeters and scintillators.

Other Detector Types

In addition to scintillation detectors, other types of detectors are also effective
for observing MeV neutrinos from SNe or other transient events. One such
type is the liquid argon time projection chamber, which utilizes electric and
magnetic fields within a gas or liquid chamber. As charged particles traverse
the detector’s volume, they ionize the medium, leaving trails of ionization
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electrons. These electrons are then drifted to one side of the detector by an
electric field, allowing for the event detection. This technology is particularly
sensitive to electron neutrinos and antineutrinos via neutrino-nucleus quasi-
elastic scatterings. An example detector employing this method is the Deep
Underground Neutrino Experiment (DUNE) [152].

Another type of detector technology is those employing heavy nuclei, such
as the HALO detector [153], which employs lead as a target material. In
HALO, the neutron excess in lead blocks certain nuclear transitions, making
the detector predominantly sensitive to electron neutrinos through the reaction
V. +n — e~ + p. Lastly, low-threshold dark matter detectors can detect MeV
neutrinos through coherent scattering interactions. In these detectors, when
a neutrino scatters off a nucleon, such as argon or xenon, the recoil energy
of the nucleon generates an ionization signal. This method is flavor-blind,
allowing for some spectral information to be extracted from transients like
CCSNe [142, 154].
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5. The IceCube Observatory

The IceCube Neutrino Observatory (Fig. 5.1) is a cubic kilometer-sized neu-
trino detector located at the South Pole. The detector has a broad physics
program, including measuring the characteristics of high-energy astrophysi-
cal neutrinos and searching for bursts of MeV neutrinos from supernovae. In
this chapter, we will explore how IceCube observes neutrinos in the two en-
ergy ranges of interest: the tens of MeV range and the >100 GeV range. We
will discuss the detector’s design, data acquisition methods, event topologies,
background management, and data processing techniques.

IceCube Detector

The detector consists of 86 strings of PMTs buried deep in the Antarctic ice in
a hexagonal arrangement. Each string has 60 Digital Optical Modules (DOM)
for a total of 5160 light sensors. The distance between each DOM varies de-
pending on the location, with standard spacing between most strings being
125 m and 17 m between each DOM [156]. The exception is for 8 strings de-
ployed deep in the ice called DeepCore (see Fig. 5.1), which are more closely
spaced at 70 m between strings and 7 m between DOMs. Additionally, the ob-
servatory includes IceTop, a surface array consisting of 81 stations, each with
two frozen water tanks. IceTop primarily studies CR air showers and helps in
background discrimination. The Antarctic ice, where IceCube is situated, is
exceptionally clear, with photon absorption lengths over 100 m. This clarity
allows a single DOM to monitor several hundred cubic meters of ice. How-
ever, there are some impurities at certain depths, most notably a dust layer
at around 2000 m (see Fig. 5.1). This layer increases optical scattering and
photon absorption, complicating the reconstruction of events occurring in this
region.

5.1 Digital Optical Modules (DOMs)

The DOM (Fig. 5.2) consists of a PMT and a mainboard that controls and
handles the data output. These components are encased in a pressure housing,
a 13 mm thick glass sphere capable of withstanding sufficient pressure to sur-
vive refreezing during deployment in the drill hole. This housing also has a
silicon base gel to couple the PMT to the glass sphere optically. Each DOM is
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Figure 5.1. Upper plot shows the string placement in the detector, highlighting the
different components. Lower plot shows the photon absorption as a function of depth,
with the dust layer and the DeepCore array highlighted. Reproduced from [155].

connected to a penetrator, which handles the power and communication with
neighboring DOMs and the surface and has a flasher board consisting of 12
LEDs for calibration and ice characterization, which can be individually se-
lected to emit short-duration light pulses. When a photon arrives at a PMT, it
is first absorbed by the photocathode, which releases an electron. This electron
is then accelerated through a series of dynodes that amplify the signal. This
amplification process results in a photoelectron (PE) gain of ~ 107, enabling
the detection of even single photons. The amplified signal is converted into a
voltage change at the anode, with a detection threshold set at 0.25 PE, which
corresponds to the detection of one or two photons. The resulting electrical
signal is then transmitted to the DOM mainboard, which undergoes waveform
digitization with nanosecond resolution on pulse widths [156]. The PMT is
sensitive to photons in the 300-650 nm range (UV to visible light) and has
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a dark noise rate of ~ 250 Hz, predominantly from radioactive decay in the
glass sphere [156].
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Figure 5.2. Schematic view of the digital optical module, highlighting the different
components. Reproduced from [157].

5.2 From Neutrino Interaction to Detection

When a HE neutrino interacts near or at the detector volume, it does so pri-
marily via the deep inelastic process (as established in Chapter 4). Depending
on the final state, different signatures will be observed. CC interactions of v,
produce a muon that can travel long distances before losing its energy through
radiative losses like ionization or Bremsstrahlung [158]. Vv, produces an elec-
tron that results in a local electromagnetic shower. v; produce a tau, which
has a short lifetime (7; : 7, ~ 10-13:107% s). NC interactions are observed as
hadronic showers. We will briefly review the types of signatures observed by
IceCube before discussing the trigger and data acquisition.

Neutrino Event Signatures

Tracks

Tracks are created through v;; CC interactions with nuclei. At TeV energies,
it is observed as an elongated arm topology (see Fig. 5.3, and Fig. 5.4). The
muon maintains the directionality of the incoming neutrino with a resolution
of AW = 0.7°(T€—Vv)_0'7, where E), is the neutrino energy, providing excellent
pointing. Although it can be challenging to estimate the neutrino energy since
the interaction can occur outside of the detector volume, it also allows for
sensitivity to an even larger flux of neutrinos by observing the outgoing muon
of interactions that occurred outside the instrumented volume.
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Figure 5.3. Event views are visual representations of the registered events for different
topologies, such as cascade (left), track (middle), and double-bang (right). The color
represents the observation of photon time, where red is the earliest and blue is the
latest. Reproduced from [159].
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Figure 5.4. Cherenkov light patterns for track-like and cascade-like.

Cascades

These can be created through CC of v, and v, or all flavor NC interactions.
The observed Cherenkov light signal is from the hadronic or electromagnetic
showers produced, with a point-like vertex, which spreads out over short dis-
tances of a few meters, with the length increasing with log(E) [160]. The
length scale in which these particles lose energy is below the DOM spacing;
resolving individual particles is challenging, leading to a spherical topology.
Since the total amount of light is proportional to the total cascade energy, if the
event is contained within the instrumented volume, it will be ideal for energy
reconstruction. However, the angular resolution is not as good as for tracks,
with AW ~ 5° — 15° [161].
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Double Bangs

This is exclusive to v; CC interaction since a T can travel approximately 50
m per PeV before decaying [162]. The resulting signature is an initial cascade
caused by the particle shower in the first interaction, followed by a second
cascade as the tauon decays. If the v; is below PeV, it will travel only shortly
before decaying, and it could end up indistinguishable from a cascade because
of the DOM spacing.

; I
Applies Triggers %g':;rfgdata = {'&0

e.g., Waveform
calibration, feature
extraction and fast
event reconstruction

Data stored at

DOMs Data stored in o
disk at South Eg:fgah 100
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day)

Figure 5.5. A high-level view of the data flow in IceCube; from the DOMs to the Data
Acquisition (DAQ), to the Processing and Filtering (PnF), to the South Pole Archival
and Data Exchange (SPADE), to the satellite transfer to the Data Warehouse (DWH).

Digitization of Signal

Cherenkov photons are produced from neutrino interaction, which is observed
by the PMT, initializing the waveform digitization. After this, there are several
stages before the photons observed can be analyzed, as shown in the high-level
depiction in Fig. 5.5. From the DOMs, the signal goes to the data acquisition
(DAQ) software running in the DOMHubs, which are computers connected to
the strings at the IceCube lab (ICL). The DAQ handles data reduction, applies
triggers, and gives as output an event. From the DAQ, these events are passed
on to the Processing and Filtering (PnF), where additional filters are applied
to identify interesting events that meet certain physics stream criteria and to
reduce the data volume from ~ 1 TB/day to ~ 100 GB/day' [156] to fit the
satellite bandwidth. This subsection will cover waveform digitization to data
transmission to the North.

1t is important to note that the 1 TB of data is saved to disk for future usage.
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Figure 5.6. Schematic of the signal digitization to be transmitted to the surface, with
the different conditions for trigger and the different streams through which the signal
can be processed. When a photon is observed, depending on photoelectrons (PE),
it can be registered as a signal in the digital optical module (DOM) mainboard as
a hit. It can then be readout in different modes, such as the Scaler stream, analog
transient waveform digitizer (ATWD), and a fast analog-digital converter (FADC). A
local coincidence (LC) is searched for for the two latter ones. Depending on whether
the neighboring DOMs observed an LC, either the hard local coincidence (HLC) or
soft local coincidence (SLC) is satisfied. Finally, the signal goes to the data acquisition

(DAQ).

To estimate the initial properties of the neutrino that interacted with the nu-
clei in ice, the event is reconstructed from the photons observed in the DOMs.
If the anode voltage exceeds 0.25 PE, the signal is passed to the DOM main-
board, where it will be processed as a DOMLaunch or a hit (Fig. 5.6). It can
then be processed to a signal in three streams: an analog transient waveform
digitizer (ATWD), a fast analog-digital converter (fADC), and a scaler. We
will cover ATWD and fADC below, with the scaler stream covered in Section
5.4.

Readout Condition Resolution | Sampling Capture
mode rate

ATWD HLC 3 ns 290 MHz | 128 samples
fADC Above threshold 25 ns 40 Hz 256 samples
Scaler | Continuous sampling 1.64 ms - -

Table 5.1. The different streams of signal digitization.
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ATWD

When waveform digitization is initialized, a local coincidence (LC) signal is
sent to the next-to-next DOMs (Fig. 5.8). If the DOMs have observed a sig-
nal within the coincidence time window of 41 us, the hard local coincidence
(HCL) condition is satisfied and full data readout is done, with digitization
done by the ATWD chip. The ATWD records a high-resolution waveform in
bin width of 3.3 ns with 128 samples, for a total of ~ 420 ns?. This chip has a
deadtime of about ~ 30us during readout, which will be unavailable for data
taking. After about 420 ns, the digitization is done by the fADC chip, and
the data is sent to the DAQ. If the neighboring DOMs observed no LC, it is
classified as a soft local coincidence (SLC), and the waveform is terminated
at the end of the LC time window of 2.45 us to prevent sending unnecessary
data to the surface.

fADC

The fADC records a more coarse version of the waveform in 25 ns bins with
256 samples, for a total of 6.4 us. It scans the waveform continuously without
any deadtime. However, the fADC is tied to the ATWD, needing correspon-
dence with an ATWD readout; if a HLC is met, both the ATWD and fADC
full sample lengths are sent to the surface; however, if it is an SLC, only the
fADC sample is sent.

Surface Data Aquisition

When the hits arrive at the DAQ in the DOMHub, the second step in data
reduction occurs. The hits from each DOM are read out by StringHub, re-
sponsible for reading and passing the data to the HitSpool stream, which saves
the hits locally on disk. The HitSpool stream will be covered in more detail in
Section 5.4. StringHub consists of a front-end called Omicron, which controls
all of the DOMs connected to the hub, forwarding all of the data, from hits,
monitoring, and calibration stream, to a back-end called Sender, which takes
care of saving the hits locally in a stream called HitSpool and forwards a com-
pact form to the local triggers that run in parallel. The triggers look for clusters
of HLC hits [156], indicating that a particle interacted in the detector instead
of dark noise. This search for multiplicity is temporal and spatial, where the
spatial component could involve a geometry centered around the hit. There
are five triggers that the hits go through: Simple Multiplicity Trigger (SMT),
volume trigger, string trigger, slow-particle trigger, and fixed-rate trigger. For
most physics cases, the first three are commonly used.

SMT This is the most commonly used trigger algorithm in IceCube. The
requirement is a minimum number N of HLC hits (see Fig. 5.8) in the detec-
tor within a time frame window several s depending on the N, with the time

2This is sufficient time to reconstruct light that was produced tens of meters away [156]
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Figure 5.7. Schematic showcasing the different streams and steps of surface data flow.
Reproduced from [156].

window sliding further out as long as the multiplicity condition is met. The
time window and multiplicity utilized in triggers is related to the time of pho-
ton propagation with respect to the spacing between DOMs, which differs for
DeepCore or regular in-ice array. SMT8 is the standard trigger, which looks
for a multiplicity of 8 [156, 163] within a time window of 5 us.

Volume Trigger The volume trigger looks in a cylindrical volume around
the hit DOM for other HLC hits, looking for a specific N of multiplicity, help-
ing to identify low energy events that do not meet the SMT criteria (see Fig.
5.8).

String Trigger The string trigger uses a locality condition like the volume
trigger, but searches within the same string for a multiplicity (see Fig. 5.8) .

Since many events will meet the condition for several triggers, which run
in parallel, a global Trigger is applied to merge the triggers in the same read-
out window to avoid the same hits contributing to different events. Then the
event builder receives the requests from the global triggers (Fig. 5.7), extracts
the individual readout time windows, and then sends a request to StringHub,
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Figure 5.8. The three widely used triggers; HCL condition which the simple multi-
plicity trigger (SMT) makes use of, the string trigger which uses a locality condition
and the volume trigger which searches within a volume for hits.

responding with a list of hits (or payloads) within the time window. These
payloads 3 are assembled into events with the trigger data and written to disk
in chunks, waiting for retrieval by the PnF system.

Data Filtering and Event Reconstruction

After the DAQ system, events are forwarded to the Processing and Filtering
(PnF) stage, where they undergo further data reduction. This stage includes
calibrating and monitoring, generating real-time alerts for interesting astro-
physical events, performing initial event selection to create subsets for spe-
cific physics analyses, and producing long-term archival data files, such as
the compact Data Storage and Transfer (DST) format, which logs event de-
tails like time, triggered DOMs, and hits participating in the event [164, 156].
During this phase, multiple reconstruction filters are applied to determine the
vertex position, direction, energy, and goodness of fit, matching events to hy-
potheses like cascades or tracks. Among these, five core filters are central to
IceCube’s physics analyses [156]:

Muon Track Filter
This filter looks for high-quality track events from all directions. For up-
going events, all triggered energies are selected. In contrast, only high-energy
events are selected for down-going events to reduce the background from at-
mospheric muons.

3Payload is a minimum data packet
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Shower Event Filter
This filter looks for large energy deposition at or near the instrumented vol-
ume.

High Charge Filter
This filter searches for high-energy deposition with a recorded charge of 1000
PE or above, targeting the highest-energy neutrino events.

CR Filter
These look for extended air shower events in IceTop, providing inputs for
analyses that target flux, spectrum, and composition of CRs.

DeepCore Contained Event Filter

This filter looks for contained low energy (10-100 GeV) events in the Deep-
Core sub-array. It is used for neutrino oscillation effects and indirect signa-
tures.

5.3 IceCube and High-Energy Neutrinos
Challenges with Detection of High-Energy Neutrinos

High-energy neutrinos are a double-edged sword; as the energy increases, so
does the probability of interacting with matter, which is good for observing
them, but they may not arrive at the detector as they cross through Earth.
Depending on the angle of arrival, the probability of absorption by Earth in-
creases, as we can see in Fig. 5.9, where, for example, for a neutrino arriving
at a zenith angle of 180°, it would cross the entire core-mantle. For the highest
energies O(>PeV), it would result in a transmission probability near 0%, ef-
fectively making Earth opaque to neutrinos. In addition to the challenge with
absorption, the astrophysical flux of neutrinos goes down with increasing en-
ergy, with many orders of magnitude smaller than CRs. In this section, we will
cover the background affecting HE astrophysical neutrino searches and how
they are suppressed.

Cosmic Rays - Our Largest Background

The majority of events that IceCube observes are atmospheric muons produced
by CR interactions in the atmosphere, at a rate of 2.5-2.9 kHz [156], and at-
mospheric neutrinos, also caused by the CR interactions in the atmosphere,
although at a factor of 1079 less frequent than the muons [167]. These atmo-
spheric muons and neutrinos constitute our largest background source, as they
can mimic the signal.
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Figure 5.9. Neutrino transmission as a function of arrival angle and energy. a) De-
picts Earth and the arrival angle of the neutrino. b) The transmission probability as a
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a neutrino trajectory that passes through the core-mantle boundary. Reproduced from
[165].

Atmospheric Muons and Neutrinos

Atmospheric muons are produced when CR, which have an isotropic flux and
energies ranging from GeV to 100 EeV (see Fig. 5.10), interact with nuclei
in the atmosphere. Since the CR composition is predominantly protons [168],
a hadronic shower will be produced, with unstable particles like pions 7 and
kaons K and D mesons, which then decay to muons and neutrinos:

T 5.1)

K p* 4y, (5.2)

Most of these unstable particles never make it to the ground since they de-
cay in the upper part of the atmosphere; however, a small portion, namely
muons and neutrinos, travel through all the way, reaching the detector. There
are two different contributions to the atmospheric neutrino background; con-
ventional and prompt.

Conventional

In the conventional scenario, as CRs interact with nuclei, 7%, and K= are cre-
ated, where they decay as outlined in eq. 5.1 and 5.2. However, these particles
are relatively long-lived, 7% ~ 1078 s, having sufficient time to undergo en-
ergy losses through collisions and reducing the final neutrino energy. Due to
the energy losses of the mesons, the resulting spectrum is softer with E=3-7 vs.
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Figure 5.10. All particle cosmic ray spectrum as measured by different experiments.
Antiprotons and positrons are included in the plot, but these are typically from secon-
daries that form when primaries collide with the interstellar medium [70]. Reproduced
from [166].

E~27 of the CR. The resulting flux is the conventional atmospheric neutrino
flux, the dominant contribution to the atmospheric neutrino background [169].

Prompt

Heavier mesons can also be produced when a CR interacts with nuclei in the
atmosphere, namely D-mesons, which are very short-lived O(10~!3 s) and de-
cay before undergoing energy losses [170]. The resulting neutrinos produced
through the decay of charm mesons, named the prompt atmospheric neutrino
flux, will have a spectrum following that of the CR (E~27), with a flux that is
smaller by several orders of magnitude than that of the conventional.

Background Suppression

Atmospheric Muon Suppression
Several methods can be employed to suppress atmospheric muons and neutri-
nos. In this subsection, we will outline how these are handled.

The detector is split into two regions: an up-going region (Northern sky),
where events originate from below the detector, and a down-going (Southern
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Figure 5.11. Orientation of events in IceCube, depicting the up-going as events com-
ing from the northern hemisphere and the down-going as events coming from the
southern hemisphere, along with the declination coordinate, where events from the
Southern sky are those with 8 < 0° and those from Northern sky are § > 0°.

sky) region, where events originate from above the horizon (Fig. 5.11). In
order to suppress the atmospheric muons, two strategies can be used: looking
only at events originating from the Northern sky (directional cut) or using
contained events, which involve the interaction vertex.

Directional Cut: Even with the highest energy atmospheric muons, al-
though they can travel far distances, they cannot travel hundreds and hundreds
of kilometers without getting absorbed by Earth; therefore, up-going muons
or muons originating from the Northern sky are assumed to be of astrophysi-
cal origin, since the probability of an atmospheric muon traveling through all
of the Earth and making it to the detector is very low. Therefore, Earth acts
as a natural filter for atmospheric muons, and this can be seen in the angular
distribution of atmospheric muons in Fig. 5.12, where the muon flux drops
significantly by over six orders of magnitude as we move towards crossing
some Earth (cos(®,) ~ 0). However, this strategy would limit us to only using
events originating from the Northern sky.

Interaction Vertex: If we want to be able to use the Southern sky, we
can make use of events that are contained within the instrumented volume by
applying an interaction vertex condition, where only events that have the inter-
action vertex within the instrumented volume are accepted. This can be done
by employing veto layers since atmospheric muons passing through the detec-
tor will be first seen in the outer layers, whereas neutrinos can pass through
the outer layers before interacting (see Fig. 5.13).
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Figure 5.12. Angular distribution of atmospheric muons (> 1 TeV) and neutrinos.
The y-axis denotes the flux and the x-axis denotes the zenith angle in the sky, where
—1 < cos(®;) < 0 represent the Northern sky or up-going events, and 0 < cos(0,) < 1
represent the Southern sky, or down-going event.s Reproduced from [171].

Atmospheric Neutrino Suppression

Finally, to handle the atmospheric neutrino background, we can make cuts in
the energy requirement of events, since atmospheric neutrinos follow a softer
spectrum than that of astrophysical neutrinos (see Fig. 5.14), with about E~37
for atmospheric neutrinos vs E=2 for astrophysical neutrinos.
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Figure 5.13. Application of detector veto layers, where events that have the interac-
tion vertex in the veto layer are discarded. In the illustration, a muon neutrino with
interaction vertex within the detector volume is shown.
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Figure 5.14. Fluxes for atmospheric neutrinos, muons, and astrophysical neutrinos ob-
servable by IceCube for down-going events. The red curve is for atmospheric muons,
the blue curve for conventional atmospheric neutrinos, the green curve for prompt
atmospheric neutrinos, and the purple for the astrophysical neutrinos, where the dot-
ted lines represent the total interacting flux of all flavors and the solid lines represent
the flux that arrives at the detector without accompanying muons. Reproduced from
[167].
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5.4 IceCube and Low-Energy Neutrinos

In addition to HE neutrinos (O(>100 GeV)), IceCube can also observe low-
energy neutrinos from CCSNe and other transients, which are in the order
of 10s of MeV. These low-energy neutrinos are primarily observed via IBD,
with minimal contributions from other neutrino flavors. Due to the short
track length of the positron—about 0.5 cm MEgV [10]-a neutrino with an aver-
age energy of approximately 10 MeV will produce a track length roughly 5
cm. The number of Cherenkov photons radiated by this positron is around
Ny ~ 178 - E,+ [172, 10]. This short track length, combined with the large
spacing between PMTs and strings, typically results in only single photon hits
being detectable, as shown in Fig. 5.15. Observing MeV neutrinos differs
from observing high-energy ones; in this case, the detector is considered a
counting experiment, with all in-ice DOMs functioning as independent de-
tectors. Consequently, the signal is identified by a collective rise in single
hits across the detector. The remainder of this section will discuss IceCube’s
methods for detecting MeV neutrinos from transients like CCSNe, the main
background sources in this energy regime, and the strategies used to handle
them.

Figure 5.15. Simulation of detected IBD photons in the detector. Reproduced from
[10].

Low-Energy Data Stream

In Section 5.2, we discussed the various data streams, including the fADC and
ATWD. There is also a third stream specifically for supernova analysis and
other MeV transients: the scaler stream (see Fig. 5.7). The DAQ system’s
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StringHub continuously requests data from the DOMs for tasks such as cali-
bration and monitoring. Among these requests is the scaler data, which acts
as a basic hit counter within a pre-defined time bin (see Fig. 5.19). This scaler
stream is independent of the hit data stream.

Scalers

The DOMs constantly measure the untriggered hit rate in pre-defined bins of
1.6384 ms [10]*. To the pre-defined bin, a dead time of 250 us is applied,
which helps to reduce the noise rate. Then a timestamp is assigned, consti-
tuting the scalers, which are merged, synchronized, and binned in 2 ms, be-
coming the supernova payload for SNDAQ real-time rate analysis. Due to the
limited bandwidth of the satellite, the payload is further re-binned in 0.5 s and
then further binned in 1.5 s, 4 s, and 10 s for different physics motivations
[173, 174], allowing the data to be transferred quickly to the North if there is
an excess in the hit rate>. This payload is then stored in a 0.5 s bin format and
transferred to the North for archival and future analyses.

Real-time Analysis

Search window —) 0.5, 1.5, 4 and 10 s

a

Bkg data: -5min  15s r; 155 Bkg data: +5 min

Iy +search
K window
Excluded bins

Figure 5.16. Schematic of SNDAQ Analysis, where the black region denotes the
search bin r;, with a start time ¢y with respective search window size, in grey denotes
the excluded bins, and in purple the background bins used for the computation of the
mean and standard deviation.

SNDAQ is a system that monitors the detector rate and searches for nearby
CCSNe or MeV transients by monitoring for a collective deviation in the hit

4The bin size does not have a specific physics case but is based on a firmware that adds up all
the asynchronous PMT hits in a pre-defined interval length given by the internal clock cycle.
SIn order to have 24 hr coverage, a dedicated satellite is used for real-time alerts.
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rate across the detector. The rate increase on top of the DOM noise can be
quantified as:

+
Ri(t) = Egeadrice / dE Do (E,, ¢ / dE“ (B BV (E) (53)

E,

where €;.447 1S the deadtime or efficiency factor of the DOM, nj¢, is the
density of targets in ice, E, is the lepton energy, (Ev, ¢ ) is the differential

cross-section for the interaction of interest, V,; f( e) is the effective volume
for a single photon in the detector and

Dy (Ey,t)  Ly(1)
4rnd>  4md?(E,) (1)

(I)?,etecmr(Ev,f) _ f(Ey,(Ey)(t),a(t)) (5.4

is the differential neutrino flux for a given neutrino energy at the detec-
tor, where @y (Ey,?) is the transient flux at source and d is the distance from
source, Ly () is the time and energy-dependent luminosity at source, (Ey)(t)
is the mean energy and f(Ey, (Ey)(t), o (t)) is the normalized neutrino energy
distribution or energy pdf, where « is the pinch parameter which determines
width of the neutrino energy spectrum:

1+—ava>>1*““”,E&“”exp<—<1+-avo>ﬂa¢<Ev»
(Ey)(0) L(1+ (1)) 55

SNDAQ analyzes the 500 ms rate in real-time, defining a background re-
gion of 10 minutes; =5 min centered around the sliding search window r;,
excluding 15 s around the search bin to prevent long signals affecting the
background window (see Fig. 5.16). The methodology for this search is to use
a one-dimensional Gaussian likelihood to maximize the collective noise rate
from all DOMs Au, where each DOM contributes to the individual rate r; = %,
where N; are the observed hits per i DOM and At is the time interval under in-
vestigation (for example, 0.5 s). The search is performed assuming that there
is no DOM-to-DOM noise correlation. With a sufficiently large time interval,
the expectation value for the DOM noise rate (r;) and standard deviation (o;)
follow a log-normal distribution approximated to a Gaussian [173]. The most
likely collective noise rate deviation, which gives the statistical excess above
individual DOM rates, can be obtained by maximizing the log-likelihood of

NDOM ri— ({r: . 2
! ex(_u «Z;;AM)) 56

F(Ey,(Ey)(t),a(t)) = (
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where Npoys is the number of DOMs in the detector and &; is the photon
detection efficiency®. By log-maximizing equation 4.2, we can obtain the col-
lective noise deviation rate and its approximate uncertainty;

Npom &(ri— (r})) Npom g2 -
Al = G2 2L VY and 62, = i (5.7)
Au l:ZI <Gi>2 Au 1:21 <Gi>2

where <GA“>2 is the variance of A,. From there, the significance & of the
event is computed through

T

5.8
on (5-8)

The nature of this analysis is to assume that each DOM is independent and
described by a pure Poissonian noise with 4 = 0 and o = 1. However, this is
not the case due to background sources, with atmospheric muons increasing
the spread by o ~ 1.45 [172, 175]. We will cover this next and how it is
handled in the online real-time system.

Background

The average noise rate for the DOMs is about ~ 540 Hz, with variations due
to temperature, which is depth dependent [173]. Since the dominant back-
ground is other sources that produce single hits on the DOMs, the signal
will be mixed in with the noise. The noise contribution to the hit rate can
be broadly categorized into single-DOM correlations and DOM-to-DOM cor-
relations [176, 177].

Single-DOM Correlations

These refer to correlations within one DOM, caused mainly by two compo-
nents: thermal noise from electronics/PMT and radioactive decay-induced
scintillation from the PMT and glass sphere [178]. These are the largest noise
sources, with a 300-500 Hz rate, depending on the depth [178]. These noise
sources have a duration in the O(100 us) and can be suppressed by adding
an artificial dead time, as discussed in the scaler stream above. The artificial
deadtime of about 250 us is applied to every hit in the DOM, which reduces
the noise rate from 540 Hz to 285 + 26 Hz [173], at the cost of 13% efficiency
of the signal [10].

OThis is a correction factor for the ith DOM. Each DOM has a module-specific quantum effi-
ciency, whereas normal DOMs have an g; ~ 1, and high-quantum efficiency have about & ~ 1.35
[175].
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DOM-to-DOM Correlations

These inter-DOM correlations are mainly due to atmospheric muons. Al-
though they are not a significant contribution to individual optical modules—at
about 3% of the total count rate [179]-since these hits are correlated, they
cause a broadening in the significance £ distribution (see Fig. 5.17). As men-
tioned in the previous section on background sources for HE neutrino searches,
CRs are a significant source of background for any IceCube analysis, as they
can easily mimic signals. Atmospheric muons are also a source of background
for the low-energy supernova data stream analysis since the time-integration
of the analysis is in the O(10> — 107) longer than the crossing time of the muon
of a few us [177].
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Figure 5.17. Distribution of uncorrected significances £ in blue and muon-corrected
significances &, in red, where we can see the reduction in the spread of the distribu-
tion. Reproduced from [180].

At high energies (primaries >1 PeV), CR can produce muons that reach
the in-ice detector in bundles of 20-10000 muons, which trigger many optical
modules, with a large majority triggering an SMTS. IceCube observes these
atmospheric muons at an average rate of 16 Hz per DOM [176], with a sea-
sonal variation of about +=8-10% [164, 181], where the modulation is related
to the temperature variation, as we can see in Fig. 5.18.

This temperature dependence of the atmospheric muon rate Ry, can be ex-
plained via this simple linear relationship:

ARy _ ATy

=or
(Ru) (Ters)
where T, is the effective atmospheric temperature, AT, rr and AR, are the
deviation from mean, (R,;) and (T,ys) are the respective averages and o is the
effective temperature coefficient [173], or the IE{ production ratio [182]. As the

temperature increases, the average atmospheric density decreases, increasing
the mean free path of the kaons and pions, resulting in a lower probability

(5.9
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Figure 5.18. SMT8 trigger rate as a function of the effective atmospheric temperature
for 2011-2013. We can see the clear correlation between both quantities. Reproduced
from [177].

of interacting with air molecules. This lower probability of interaction has
the effect that the kaons and pions decay more frequently, increasing muon
production [181].

The temperature variability and intrinsic variations in air showers, coupled
with the large time-integration of the MeV analysis, means that the atmo-
spheric muons can mimic the MeV transient signal, resulting in more false
positive alerts. If we take as an average the rate of 16 Hz per DOM for at-
mospheric muons, we can see that for the large time windows of the analy-
sis, anywhere from O(10°-107) muons will pass through the detector in that
time frame, highlighting how this would produce a high background floor.
Roughly half of the hits in the detector produced by atmospheric muons can
be subtracted from the total noise rate by identifying triggering muons in the
standard data stream [176].

Muon-Correction

Since we know that these muons produce DOM-to-DOM correlations, we
could correct for this using DOM correlation coefficients. However, this task
is computationally impossible, as one must compute a 5160x5160 matrix in
real-time [179]. Therefore, an alternative method is needed, which is much
faster and more efficient. Since we know that most HE muons will produce an
SMTS trigger and that they widen the significance distribution (see Fig. 5.17),
we can fit a linear function between the estimate of the muon hit rate and the
significance &, to produce a muon-corrected test statistic. In this subsection,
we will cover how this correction is done online.
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Online Muon-Correction

SNDAQ queries the pDAQ system for the muon hit rate proxy, which is the
time-integrated HLC hits within an SMT8 trigger window [179, 177, 175],
which we will call R,. The SMT8 rate can be affected by dropped DOMs
or removed strings in a run 7 or instabilities in the DOMs [175]. In order to
increase the robustness of the method and handle outliers that can occur, such
as too low SMT8 rate, an SMT8 rate limit R, , , .. is introduced:

= median(Ry) — 3 -mad(Ry) (5.10)

Rﬂthreshazd

where the absolute median derivative is:

mad(Ry) = median(|Ry, — median(Ry|) (5.11)

where Ry, are all the rates obtained for a given run, and Ry, is the individual
rate. The median and median absolute derivative (MAD) are used instead of
an arithmetic mean and o since they are less sensitive to outliers and heavy
tails [175]. In addition to this, SNDAQ has a cut on & < —10 to prevent these
extreme negative values from entering the calculation [175].

This SMTS rate Ry, is time-integrated at the same 7 as the running analysis
window, producing an R, for each time-window. Then, a linear fit is made
for £ and Ry, for each time window, producing the coefficients needed for a
decorrelation:

Eorry =& —b-Ry, —a for i€ Iyq (5.12)

where

Ivalid = {l ’ éi > R,uthreshold and R/Ji > R,uthreshold} (513)

and a and b are the offset and slope obtained from the linear fit. For more
details on how this is done, refer to [174]. Although this muon-correction
will produce a significance distribution that is close to a Poissonian expecta-
tion of o = 1, it will not reach unity, as the SMTS has an energy threshold of
about 550 GeV [177], there are still afterpulses and undetected lower energy
atmospheric muons that produce SLC hits, affecting the width by several per-
cent [179, 177]. Multiple studies were performed on alternative triggers for
muon-rate proxies, such as lowering the SMT multiplicity and volume trigger.
However, this did not improve the online muon correction [177].

Offline, however, we can utilize a different data stream to circumvent this
issue and access smaller bin sizes. Since SNDAQ can only access 2ms bins, it
can restrict the potential physics that can be extracted from the light curve. To

7Run, in this context, refers to how data is handled and processed at the pole, with typical runs
being 8 hrs long
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access a finer time bin resolution, if a candidate supernova event surpasses a
pre-determined significance threshold, a HitSpool request is issued, where the
raw hits can be accessed for further analysis.

HitSpool for CCSNe
@ W
((StringHub N DOMHub ) [ = Trigger

System
- _,_ = EventBuilder
o : | Hit Buffer: ;ocrijlfgr;a
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File
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Y

Supernova DAQ: HitSpool Interface
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SN alert hitspool files indexes
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Figure 5.19. The data flow for the supernova analysis stream in IceCube. Reproduced
from [172].

The data stream introduced in Section 5.2 relies on triggers with coinci-
dence searches and filters applied to the payload to reduce the data size to be
transferred to the North. However, the complete detector information, DOM
hit payloads, is buffered locally on disk for up to two weeks, constituting the
HitSpool data stream. This data stream provides an invaluable tool since we
can have access to the unfiltered waveforms for each hit for each DOM to per-
form physics analyses that benefit from not applying the online filters and trig-
gers, such as sub-threshold event searches like low-energy neutrino searches.
On average, this stream accumulates around 70 MB/s compressed or over 200
MB/s uncompressed. This data stream is used for calibration, monitoring, and
analysis streams such as supernova detection. In the context of MeV neutri-
nos, this raw hit stream is exploited so that the supernova stream can gain as
much information as possible in the event of a CCSN. If SNDAQ computes an
event significance of & > 8.40 or & > 4.00 and &’ > 5.80 8, the system issues
a HitSpool request, pulling data with f,,;,;, = 30 s and #,,,,, = 60 s around the

8These have been set in order to minimize the false triggers due to seasonal variation
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trigger time #g, where i, max are the safety margins before and after trigger to
not miss any critical signal [172]. If the significance exceeds & > 10, a data
request of #,,;, = 250 s and t,,;, = 250 s is issued. This requested data is then
sent to North for offline analysis.

Z RecoPulses
Al Basic Event (100 ps)
g
i
Topological Splitter Hive Splitter
fopd [Topo |
Reconstruction (eg improvedLineFit) Reconstruction (eg improvedLineFit)
Timewindow & Seeded RT Cleaning PulseRecover
TWSRT pulses TWSRT pulses Hive pulses Hive pulses
NoiseEngine d - NoiseEngine
True False 0 R False True
'} A

v
Noise Sample

- Muon Sample -

Figure 5.20. The different filters to identify low-energy muons for the supernova
HitSpool offline analysis, starting the flow from the top to bottom. Reproduced from
[172].

The raw hits are first converted into events of pre-determined bin size since
these are un-triggered, unlike the other data streams. From there, the events
are fed into two filters, TopologicalSplitter, and HiveSplitter (fig. 5.20), which
aim to identify low-energy muons (subthreshold muons) that contribute to the
noise and cannot be removed with the usual muon-correction, with a nanosec-
ond resolution. The result is a dataset with all hits corresponding to the Pois-
sonian part of the noise on the detector. Then, these are converted to a scaler
data format. However, a 1 ms resolution is now used to re-bin in 2 ms, 500 ms,
1.5 s, 4 s, and 10 s for the different physics motivations, with the correspond-
ing significances and light curves computed. The result is a cleaner dataset
with a 3% decrease in the distribution width [172] and a finer lightcurve bin.
Although this data can enable better resolution and cleaner detector hits, due
to the bandwidth limitations and extreme computational resources needed to
perform an analysis, it is limited to a handful of SNDAQ alerts per year.

ASTERIA

Although IceCube has yet to observe CCSNe or any other transient that can
produce an MeV burst, the expected signal can be obtained with A Super-
nova Test Routine for IceCube Analysis (ASTERIA) [184]. ASTERIA is a
fast Monte Carlo (MC) neutrino simulation designed to model the detector re-
sponse for IceCube. IceCube’s sensitivity can then be characterized using this
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Figure 5.21. Simulated signal observable by IceCube using the scaler stream, for

a 13 M, star at a distance of 10 kpc. Left panel shows the post-bounce burst, the

middle panel shows the shock stagnation and heating and the right panel shows the

PNS cooling. Reproduced from [183].

simulation chain, providing sensitivities to any MeV neutrino transients, such
as CCSNe or GRBs. This simulation chain has produced signal expectations
like in [180]. In Fig. 5.21 and 5.22, we can see what the resulting signal and
sensitivity would look like in IceCube. To have access to shorter timescale
phenomena such as standing accretion shock instabilities, the HitSpool stream
could be utilized since its only limiting factor is the DOM internal time reso-
lution of 0.1 ns [172]. Although Icecube is not sensitive to V,, it has one of the
best sensitivities to the V, neutrino burst with excellent timing information for
a Galactic CCSN, with a detection horizon of MeV bursts at approximately 50
kpc (or LMC) for 5.70, or to the SMC with 30 (see Fig. 5.22) [10].

® 40M, 19 M,
® 27My ® 88M,

el
30 30 50 %0
distance [kpc]

Figure 5.22. IceCube MeV CCSNe detection horizon for 4 different star masses.
The y-axis represents the muon-corrected significance, and on the x-axis the distance.
Reproduced from [180]
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6. Search Strategies for MeV and GeV-TeV
Neutrinos

The cosmos is also within us, we’re made of star-stuff. We are a
way for the cosmos to know itself.

Carl Sagan in Cosmos, 1980

After covering the background necessary to understand the analyses, in-
cluding neutrino production in the death of stars in Chapter 3 and how we can
observe these neutrinos in IceCube in Chapter 5, we can discuss the analy-
ses. In this chapter, we will cover the different analyses done to search for
neutrinos from GRBs, neutron star mergers, and CCSNe, employing different
strategies for the lowest energies (MeV) and high-energies (>GeV).

For analyses 6.1-6.4, which are IceCube analyses, we have to follow the
blindness concept, which requires developing the analysis on background data
and simulations. This procedure ensures that there is no intentional or uninten-
tional enhancement of the signal by different selection criteria or methodolo-
gies. In these analyses, we split the data into off-time and on-time. Off-time
represents any time we would not expect a signal from the source we base
our analysis around, and on-time represents when we would expect the signal.
The background is taken from off-time data, and different tests and checks are
done on that sample to ensure the analysis is working as expected. The on-time
sample is analyzed once these tests and checks have been performed and the
analysis is mature. These analyses are based on a frequentist approach, where
pseudo-experiments (background trials or TS distributions) on off-time data
are used to determine the test statistic distributions that are used to determine
the statistical significance of the on-time analysis. Therefore, these analyses
use a data-driven approach, using the data to describe our background, which
means we can remove some uncertainties from mismodeling the detector. The
analysis in section 6.5 was performed using published IceCube data; therefore,
the concept of blindness does not apply.

6.1 GRB 221009A: Search for MeV Neutrinos

On the 9th of October 2022 at ty) =13:16:59 UTC, Fermi-LAT observed an
extremely bright GRB at a distance of about 740 Mpc (z = 0.151) [185, 186].
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Figure 6.1. Afterglow from GRB 220109A as captured by NASA/ESA Hubble Space
Telescope, circled in red. Image credit: NASA, ESA, CSA, STScl, A. Levan (Radboud
University); Image Processing: Gladys Kober

This emission had a precursor emission starting at #y with a duration of about
17 s, followed by a main long-duration episode starting at about 7o + 175s and
lasting =460 s (see Fig. 6.2). Following this, several other gamma-ray de-
tectors confirmed the observation, such as Swift Observatory [187] and Large
High Altitude Air Shower Observatory (LHAASO) observing TeV gamma-
rays [188]. The multitude of gamma-ray observations at the highest energies
ever recorded for a GRB earned the nickname for this source as the brightest
of all time (BOAT) [189]. In addition to gamma-rays, optical observations re-
vealed a potential emerging supernova spectrum in the afterglow, potentially
classified as a Type Ic [185] SN. In addition to EM observations, an IceCube
analysis searching for neutrinos from this GRB, spanning from MeV to PeV
energies, was performed for this source. In this section, we will describe the
search of MeV neutrinos for GRB 221009A.

6.1.1 Motivation

As covered in Section 3.3, there are several theories regarding the origin of a
GRB, which also affects when we expect to observe a MeV neutrino signal
relative to the gamma-ray light curve. For example, if a fallback collapsar
is the origin of the GRB, we may have a PNS soft jet breaking out before it
collapses into a BH. After the collapse, ultra-relativistic jets and a large accre-
tion disk (NDAF) form. In this instance, the soft jet would produce a precur-
sor emission followed by the prompt emission due to the ultra-relativistic jets
[127, 128]. Even though the jet system might inject constant properties, there
can be a dead time between the different phases due to viewing angle effects.
This dead time arises due to the jet having different phases in its evolution,
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Figure 6.2. Lightcurve for GRB 221009A in different energy ranges, with upper and
middle curves for GBM photons, with the orange curve for all LAT photons and the
lowest curve for LAT photons circled around 8°. Note that the dip is around 200 s due
to the detector saturation. Reproduced from [190]

where some phases can have larger opening angles than others, for example,
the precursor phase, where the jet does not fully pierce through the star but
pushes the cocoon of material, released as a wide-angle outflow, followed by
a more collimated shocked-jet outflow, with opening angle increasing slowly
with time [191].

In addition to this, if the progenitor was a CCSNe, the SBO photons (UV-
to-soft X-ray) could get boosted to hard X-ray or gamma-rays by scattering
in the ejecta or shocked plasma, or in the dense, thick wind [192], or in the
jets [193], which can affect the energy of photon emission [192, 194, 195],
resulting in some of the SBO component to be visible as hard x-ray to gamma-
ray [139, 196, 192]. Therefore, there are significant uncertainties on when to
expect these MeV neutrinos, and they could arrive anywhere from before the
precursor emission if the progenitor was a CCSNe to the end of the prompt
emission.

6.1.2 Analysis Methodology

We first defined our six search windows, as can be seen in Fig. 6.3 and in
Table. 6.1 covering different physics motivations.

Since this analysis is designed to search for MeV neutrinos, we used the
500 ms data produced by SNDAQ. This data consists of the hit rates in each
DOM. We summed all the DOM rates for one bin i to obtain:
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Prompt

Precursor

Search 1

Figure 6.3. A schematic of the gamma-ray lightcurve shown in grey, with the different
search windows.

Search | Search Window | Bin Size | Total Duration
1 [£0-100s, o] ls 100 s
2 [0-1s, to] 0.5s 1s
3 [to, to+17s] ls 17 s
4 [to+18s, to+174s] 1s 156 s
5 [to+174s, tg+175 s] 0.5s 1s
6 [to+175s, to+547s] 1s 372s

Table 6.1. The different search windows for the MeV neutrino analysis of GRB
221009A.

Ra(i) =Y, R() (6.1)

We then use a sliding sum over either one bin (for 0.5 s searches) or two
bins (for 1 s searches), scanning through the total duration of the search (e.g.,

max.

100s), and we pick the largest sum R{:™:

k—1
Riot” = max (ZRtot(iJrj)) (6.2)

o<i<L— \ =

where k is the number of bins ( 1 or 2), and L is the number of bins in the
search window. The largest rate Rip:™ is then our test statistics (TS).
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Background Trials

We then characterize the background through trials on off-time data. We se-
lected £7 days worth of SN data, for a total of 14 days, centered around fg,
but excluding the day of the GRB observation. We performed many realiza-
tions of our TS for each search window on this off-time data. We produced
10* — 10° trials for the search windows with bin size of 1 s and 10° trials for
the search windows with bin size 0.5 s. An example of what these look like
can be seen in Fig. 6.4.

[ 1 s (Pre precursor / prompt)

Probability density
= = N N w
o v o (9} o

i

7.325 7.350 7.375 7.400 7.425 7.450 7.475
Highest 0.5 s bin [ Hits x10°]

Figure 6.4. TS Distributions for GRB 221009A analysis for the 1 s search windows.
The y-axis represents the density and the x-axis represents the R{:*. A Gaussian fit is
overlaid on top of the distribution, highlighting the distributions’ near-Gaussian shape.

On-Time Observation

We performed the search on on-time data, obtaining one Ri3* for each search.
To determine the significance, we used the TS distributions. As shown in Fig.
6.5 for the 1 s bin size searches and in Fig. 6.6 for the 0.5 s bin size, the
observation is consistent with the background expectation, with p-values >
0.3.

Upper Limit Calculation

The upper limit (U.L.) on the observed hits is obtained using the Feldman-
Cousins (F.C.) method [197] for a 90% confidence level (C.L.). The total 90%
C.L. U.L. excess of hits in the search bin is R}, = uog — 1, where u is the
mean from the distribution and u*° is the F.C. upper limit given an observation
RE¥. In order to determine the U.L. on the luminosity, we can start with eq.
5.3, summing over all DOMs and integrating in time, and using the U.L. on

the excess of hits to obtain the total U.L. on luminosity:
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Figure 6.5. Results for the search for MeV Neutrinos from GRB 221009A for the
search windows with a bin size of 1 s, with the y-axis representing the density and
the x-axis representing the maximum summed hits in the sliding window search or
R for the 1 s bin size. The black dashed line represents the Ri;* during the on-time
observation.

R, 4nd*(E
0= MV,
EdeadT Nice f() dEeE(EVaEe)V:ff(Ee) fO dEVf(EV7<EV>7a)
(6.3)

where &4.,47 18 the efficiency factor of the DOM, n;. is the density of tar-
gets in ice, E, is the lepton energy, j—ge(Ev,Ee) is the differential cross-section

for the interaction of interest, :;(Ee) is the effective volume for a single pho-
ton in the detector, d is the distance from source, (Ey)(¢) is the mean energy
and f(Ey,(Ey)(t),a(t)) is the energy pdf, where « is the pinch parameter
which determines width of the neutrino energy spectrum. In the case of this
analysis, we assumed the generic blackbody spectrum that follows a Gamma
distribution with Ey, = 15 MeV and E™ = 17.32 MeV and o = 2. To find
the luminosity U.L. (eq. 6.3), we make use of the fast open-source ASTE-
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Figure 6.6. Results for the search for MeV Neutrinos from GRB 221009A for the
search windows with a bin size of 0.5 s, with the y-axis representing the density and
the x-axis representing the maximum summed hits in the sliding window search or
R for the 0.5 s bin size. The black dashed line represents the Rjp:* during the on-
time observation for search window.

RIA code (as mentioned in Section 5.4), which is a Monte Carlo code that
estimates the total count rate in all DOMs, weighted by the DOM efficiency
&, and then the simulated signal counts are injected on top of background
simulation. In this simulation chain, we can select the neutrino fluence with
parameters such as time, total luminosity, neutrino flavor, E,,,,, and o. It then
produces with those quantities a neutrino flux and energy pdf, which is convo-
luted with detector parametrizations and interactions, to produce a signal hit
rate that matches R2°.. To obtain the U.L. on neutrino flux, we can then use

exc:
the luminosity that produced our R, or eq. 6.3:

exc?®
90
90 Lve

D —— 6.4
Ve " (Ey,)And? ©4)

6.1.3 Discussion

We have presented the motivation and methodology for the work shown in
Paper 1. Since the results were consistent with background expectation, we
placed U.L. on the individual search windows (See Fig. 6.7 for the Vv, neu-
trino flux and bolometric luminosity (See Table.6.2). Neutrinos from GRBs,
specifically NDAF [138, 127], can be detected at various stages, from before
the prompt up until the prompt phase. The diverse processes that give rise to
these neutrinos make them an exciting messenger for probing GRBs’ deeper
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Figure 6.7. MeV U.L. on an electron antineutrino blackbody flux F(E) ~
E2exp(—3E,/ < E, >) [198] as a function of time window. Because this analy-
sis focuses on much shorter timescales than many other analyses, a linear x-axis is
needed here. The T90 for the GRB is highlighted with the grey band. Because the
MeV analysis has large background rates, the value does not scale simply with a time
window. In pink, we see the limit for search 1, in purple for searches 2 and 5, in blue
for search 3, in orange for each 4, and in green for search 6.

and denser regions [131, 127]. Unlike HE neutrinos or EM emissions, thermal
neutrinos would allow us to look into the inner regions of a GRB, allowing us
to explore interesting parameters such as the accretion rate or the black hole
spin [131].

As we can see from Table. 6.2, the total luminosity required for us to ob-
serve it from a distance of 740 Mpc is 5-7 orders of magnitude more than
what current simulations predict (See Section 3.3). The non-observation of
MeV neutrinos could be due to this particular GRB not producing sufficient
thermal neutrinos to be detectable or due to the distance to the source. How-
ever, although we did not observe neutrinos, this was the first search for MeV
neutrinos from a GRB spanning this large energy range in IceCube. The ad-
vantage of using the IceCube data is the extremely high duty cycle of the
detector, with an SN data live time exceeding 99.7% per year and excellent
stability. The result is that IceCube is likely to be very stable during most
astrophysical transients of interest.

6.2 Model-Independent MeV Neutrino Upper Limits
6.2.1 Motivation

Using the assumption of a generic blackbody spectrum with a Gamma dis-
tribution with Ey, = 15 MeV and E™ = 17.32 and a = 2 is a good first
approximation to set U.L. and it had been previously used by another IceCube
analysis, that of the search of MeV neutrinos from Fast Radio Bursts (FRBs)
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H Time window CID%S [neutrinos/m?] L?,S[erg] H

1 7.98-10'2 6.95-10%
2 1.81-103 1.57-1000
3 8.00- 102 6.97-10%
4 3.08-10'2 2.68-10%°
5 1.35-1013 1.17-100
6 4.00-10"2 3.49-10%°

Table 6.2. The upper limits for each search window for GRB 2210094, showing two
quantities: the time integrated flux and the total luminosity.

[199, 200]. However, this approach does carry the limitation that it assumes
a thermal spectrum with certain parameters, which can be restrictive. Since
there are many neutrino emission models from GRBs, an alternate method for
producing U.L. was needed.

6.2.2 Analysis Methodology

We can adopt a model-independent approach for this methodology as de-
scribed in [201, 202]. This approach allows the broader scientific community
to test and validate theoretical models using IceCube data. Instead of using the
average mean energy and a pinch factor to inform our neutrino energy distribu-
tion, we can use a Dirac-delta function, where all the luminosity and neutrinos
are assumed to be of a single energy. Starting from the energy pdf, we can
replace it with Green’s function & (Ey, — E},), which means that the function is
zero everywhere else but at E},, we first begin by approximating our energy
function:

f(EV) <EV>7 OC) = S(EV - <Ev>) (6.5)

which then can be substituted into eq. 6.3, and expressing for the appropri-
ate energy, we obtain the Green’s function time-integrated U.L. neutrino flux,
that is expressed as a function of a single energy:

90 R90
5. ((Ev)) = =

EdeadTNice f()oo dEegig(<Ev> ; Ee>V:if(Ee> [(;o d<Ev>6(EV - (EV>)
(6.6)
We use the same methodology as in section 6.1, where we input the mono-
energetic luminosity into ASTERIA to obtain the final U.L. on the flux for Ey,
energies between 1 and 100 MeV, in steps of 1 MeV.
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6.2.3 Discussion

We have presented the motivation and methodology for the work shown in Pa-
per II. With this methodology, we can obtain model-independent MeV neu-
trino U.L. and sensitivities for IceCube. We obtained the model-independent
U.L. on the Ey, flux for each of the six search windows for GRB 221009A.
Even at the highest energies, with a U.L. of O(10'!m~2), the corresponding
bolometric luminosity would be around 10°® erg, which is significantly higher
than what is expected for this sources. However, with this method, depending
on the neutrino energy, we can improve the U.L. by up to 1 order of magnitude.

6.3 Fast Response Analysis: MeV Neutrinos Correlated
with GW Alerts

6.3.1 Motivation

When the GCN circular ! for GRB 221009A was sent, and IceCube could per-
form a fast-response follow-up analysis using high-energy neutrinos. How-
ever, in the MeV range, there was no such feature. This lack of capability to
access the real-time stream in MeV posed a problem since an offline analysis
typically relies on data arriving at North, which can have a latency of 8-24
hrs. For interesting and critical astronomical events, it is imperative to be able
to perform a fast follow-up of the external alert. As covered in Section 5.4,
SNDAQ is the system that monitors the detector rate in real-time to search for
bursts of MeV neutrinos, predominantly from CCSNe. However, this system
currently does not allow real-time searches using information from an external
alert, missing the opportunity to follow up on interesting astrophysical events.
This feature would be necessary not only in case of events like GRBs but also
for potential CCSNe detected with GW, such as the alert sent on 2020-01-14
02:12:26 UTC by LIGO/Virgo named S200114f [203], which was classified
as an unmodeled burst >. CCSNe could produce complex short GW signals,
lasting O(1 s) [204] that can be mistaken as glitches, which is why LVK has a
separate filter that looks for these unmodeled bursts. At the time of this event,
it was impossible to respond using real-time data despite IceCube having the
dedicated supernova monitoring system SNDAQ.

The goal of this project was to create functionality for SNDAQ that allows
triggering analysis in real-time at the South Pole, using external information,
such as a GCN circular, and reporting back to the North with the analysis
results, such as the muon-corrected significance and the lightcurve. The sci-
entific advantage of this fast response is that it allows access to live SN data.

'A GCN circular is a rapid astronomical bulletin used by the community worldwide to alert of
important discoveries or results. https://gcn.nasa.gov/circulars
21t was retracted at a later time.
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The first deployment instance will respond to alerts from LVK O4 run 3. This
run started on May 2023 and is expected to continue until June 2025, and
currently only LIGO and Virgo detectors are functioning, with an uptime of
about ~ 75% [205]. As we saw in Section 3.2, many models predict the emis-
sion of thermal MeV neutrinos from sources that also produce gravitational
waves, from neutron star mergers like BNS and NSBH to CCSNe, with these
thermal neutrinos appearing approximately at the same time as the GW. The
expected burst of electron antineutrino would have a duration of a few mil-
liseconds to several seconds. The luminosity from electron antineutrino would
be O(10°% — 107*) erg/s (see Fig. 6.8), with mean energies from 10-30 MeV
depending on the model.
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Figure 6.8. Expected log luminosities (y-axis) for gravitational waves (solid blue and
turquoise), for v, (dashed red, solid magenta) and EM emission from CCSNe (black
solid). The x-axis shows the time relative to the event, which is the core bounce for
CCSNe and the merger time for the NS merger. Adapted from [119, 48].

Gravitational Wave Alerts

Since we are interested in following-up sources that could potentially produce
MeV neutrinos, we set the criteria to follow up alerts that either could po-
tentially be a CCSN, or Burst in the GW alert type, and BNS/NSBH from
the CBC pipeline (See Fig. 6.9). However, the CBC also contains Binary

3In the context of LVK, run denotes an observation period during which the detector is taking
data.
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Figure 6.9. Schematic of the MeV neutrino follow-up for LVK O4 run. Where Ppys
is the probability of the alert being a BNS, Pysppy is the probability of the alert being
a NSBH, HasRemnant is the probability that the system ejected a non-zero amount of
NS matter and HasNS is the probability that one of the compact objects was a NS.

Black Hole (BBH), which we are not interested in following up, we select
only the CBC alerts that have a probability of containing a neutron star. For
both CBC and Burst, we only select those marked as high-significance, which
have a false alarm rate of about 3.9- 10~/ Hz for CBC’s (< 1 per month) and
3.2-1078 Hz for Bursts (< 1 per year) [206] *.

6.3.2 Analysis Methodology

SNDAQ searches for MeV neutrinos in real-time, without any connection to
external alerts, and currently, without the possibility of triggering it with an
external alert. Therefore, a new implementation of SNDAQ had to be devel-
oped called PySNDAQ Fast Response (PySNDAQ FR) to be deployed par-
allel to SNDAQ at the pole. This new implementation of PySNDAQ would
allow real-time data analysis using triggering information such as a #y and
a search window. In addition to this PySNDAQ implementation, software
that interfaced between the external messaging system, such as for GW alerts,
PySNDAQ, and the analysis product had to be developed called MeV Fast
Response Analysis Suite (MeVFRAS). Finally, a new API > that interfaced
between PySNDAQ and this analysis was developed.

4This considerably reduces the follow-up to noise, where the rate for CBC’s is about 8 per day
and 4 per day for Bursts.

5 API stands for Application Programming Interface or the component that helps to communi-
cate with software.
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Figure 6.10. Technical schematic of the MeV Fast Response Analysis for the online
and offline components. Note that the offline component is a future implementation
that would allow follow-up alerts that might be sent out outside the 24-hour data buffer
window at the South Pole. Cobalt/NPX are the computing resources at the University
of Wisconsin-Madison used for IceCube analyses at North.

Pipeline | pys > 0.5 Search Windows
CBC Yes [to, to+0.55], [to, tO+1.5s]
Burst - [to, t0+0.5s], [tg, tO+1.5s]

Table 6.3. GW follow-up search windows for the different pipelines, where pys > 0.5
is the probability of the alert containing a neutron star, as given in the LVK alert.

When MeVFRAS picks up an incoming GW alert (see Fig. 6.10), and if the
criteria are met, a trigger timestamp, as well as the source class (NS merger
for CBC’s alerts or CCSNe for Burst alerts), is forwarded to PySNDAQ FR
via the i3live system’ ® API. This i3live API forwards the message to the pole
via satellite, which is then received by a listener and forwarded to PySNDAQ
FR. From there, PySNDAQ FR will retrieve the necessary data that is buffered
short term (~ 24 hrs). It will then perform the analysis described in Chapter
5.4 for different search windows. This analysis uses two search windows: 0.5
sand 1.5 s (see Table. 6.3), sufficient for the short emission windows predicted
for BNS/NSBH.

TS Distributions
To determine the significance of the alert that we follow up on, we obtain the
TS distributions for 1.5 s (see Fig. 6.11). Since we know that the width of the

%i3live is part of the system that is responsible for controlling, monitoring and data movement
of the experiment. See Section 5.2
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Figure 6.11. &, TS distribution obtained offline, obtained by running SNDAQ-type
analysis on 12 years of archival SN data and DST data for the muon rate proxy, with
the difference significances highlighted in the dashed lines. From [180].

distribution increases as the search window increases (see Fig. 6.12), to not
overestimate our significance, we chose to limit the search windows to 0.5 s
and 1.5 s. The difference in the muon-corrected width between 0.5 s and 1.5
s is not drastic, with an expected width of about 1.08c for the 0.5 s and the
1.1c for the 1.5 s, resulting in about 3-4% difference underestimate for the
0.5 s search. The final output of this analysis for each search window is the
test statistics & and &.,,,, the light curves, and the p-values. A planned GCN
follow-up report might be sent for BNS/NSBH if the p-value < 1% or if the
GW alert was a burst. The latency of the online MeV FRA chain is in the
O(< 10) min, a notable improvement from waiting until SN data is shipped
to North (8-24 hrs) or even performing an analysis using HitSpool, which can
take from query to final analysis 72 hrs.

6.3.3 Discussion

We have presented the new MeV neutrino follow-up pipeline for IceCube, as
shown in Paper III. Although the IceCube collaboration has approved this
analysis, there has been a delay in deploying PySNDAQ FR at the South Pole
at the time of writing this thesis. However, it is expected that the deployment
will take place very soon. Since there is still close to a year left of the LVK
O4 run at the time of writing this thesis, we are hopeful that we will be able to
follow up on some interesting alerts.
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6.4 Catalog Search of MeV Neutrinos Correlated with
Gravitational Waves

6.4.1 Motivation

Following the online analysis of GW alerts from LVK O4, a complementary
search using past LVK alerts was performed. The advantage of performing an
offline search compared to the online MeV FRA is the possibility of properly
characterizing the background with large statistics, better background treat-
ment, and population studies, such as a binomial test, where we can test if
there is a sub-population in the catalog that are neutrino emitters.

6.4.2 Analysis Methodology

Since this analysis searches for MeV neutrinos, we used the 500 ms Supernova
data (SN data) produced by SNDAQ and archived it at North for analysis. We
define the start time of the search as 7y and search in four time windows: 0.5 s,
1.5s,4s,and 10 s.

LVK Catalogs

For our GW catalog, we used the GWTC-1 catalog for the O1 and O2 runs
[207], GWTC-2.1 for the O3a [208] run, and GWTC-3 for the O3b run [209].
These catalogs have sources with a final p,g,, > 0.5, which is the probability
of the GW event being astrophysical in origin. There are 11 events in O1+02
(2015-2017) and 79 in O3a+03b (2019-2020). For the combined catalog of
runs O1+02+03, there are 84 binary black hole mergers (BBH), 4 NSBH, and
2 BNS.

Background Trials
We define the off-time background as data corresponding to one day before
the on-time alert and one day after, excluding any overlapping alerts, for 48
hours’ worth of data. We then run the analysis on this data (eq. 5.6-5.8) for
each search window, sliding r; by Ar = 500 ms and computing a new & until
the end of the run. We perform these background trials for each GW alert in
the catalog for 344 distributions. The total statistics for each TS distribution
is of ~ 10° samples. This background distribution can be seen in Fig. 6.12
for each of the four search windows for GW 170104. To ensure proper data
quality both for our on-time and off-time data, we set the criteria of the runs’
to use as:

* Detector status flagged as good.

o If detector status was flagged as failed, exclude those runs, and those

after the run was restarted.
¢ Exclude runs that are too short (less than 2 hrs).

7Run is defined as a data taking period.
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Figure 6.12. TS distribution of uncorrected significance & for GW alert GW 170104
for each search window. The x-axis shows the log(density), the y-axis shows the
uncorrected significance, and the solid/dashed line shows the g and o, respectively.

* SNDAQ monitoring quantities marked as good.

* No deviation in trigger rate greater than 10% than previous or subsequent
runs.

* No other known issue in the data acquisition.

Based on that criteria, we exclude 4 GW alerts since their corresponding on-
time run was flagged as bad, resulting in a final catalog of 80 BBH, 4 NSBH,
and 2 BNS. The excluded GW alerts are, along with their event time feyep:

* GW170818 | topens = 2017-08-18 02:25:09
* GW190527 | topens = 2019-05-27 09:20:55
* GW190630 | #,ens = 2019-06-30 18:52:05
* GW191216 | toyens = 2019-12-16 21:33:38

Offline Muon-Correction

From Fig. 6.12, we can see that although the distribution of & is close to a
Gaussian with g ~ 0, the spread of the distribution is not close to unity, with
o¢ ~ 1.4. In order to correct the widening of the distribution due to correla-
tions caused by muons, we can apply an offline muon correction to the TS & as
outlined in Section 5.4. The muon correction is done using DST data sent to
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the North. This data records the results of a fast reconstruction implemented
at the pole in the filtering scheme and collects muon track reconstruction re-
sults for each event, along with interesting observables like the number of hit
DOMEs, the even time, and some trigger information. We are interested in the
SMTS trigger rate at a certain time for muon correction since that can be used
as a proxy for the muon rate. This method is a similar proxy to what SNDAQ
obtains via the pDAQ [175, 177, 210], and was previously used in several
IceCube analyses [180, 200].

Once we obtain our uncorrected TS values for each run, we can obtain the
proxy for muon the muon rate binned in the same size as our TS [#¢, 7¢ + At],
where 7¢ is the start time of our TS and Ar is the search window where the
analysis is performed. We have four (0.5, 1.5, 4, and 10 s) search windows
in this case. This muon-rate estimate Ry, for each TS can be obtained by
summing over all the DOMs in each event i, or NChannel(i) that have had a
trigger approximating SMTS8:

té +At
Ru(&) =Y NChannel(i). (6.7)
i:té
We can then apply a linear regression on § and Ry, for the 48 hrs of back-
ground TS, as described in Section 5.4, to obtain the slope and offset. Then
we perform the correction to each &

gcorrzg —(Cl*R“ —l—b), (68)

The result is a distribution that is closer to a Gaussian, with ug =0 and
Ot ~ 1.1 (see Fig. 6.13). As mentioned in Section 5.4, it is not possible to
entirely remove these correlations, as there are also low-energy muons passing
through that are not triggering SMTS. In addition to this, due to the condensed
nature of DST data, where it does not contain all muon-hits, especially those
at the upper part of the detector, it will affect how well we can perform this
correction [210].

Binomial Test

In addition to performing a search for the GW alerts, we can also apply a
binomial test to identify if there is a sub-population that is a neutrino emitter
or, in our case, that would produce an excess in the total detector rate. The
result of this test is to obtain the number of sources that, when combined,
produce the most significant statistical deviation from background. We begin
by defining two sub-populations: one that does not have a NS (BBH) and
one that does have a NS (BNS+NSBH). Taking the best p-values p; for each
individual GW source (k), we order them in ascending values. We can then
calculate the binomial probability as follows:
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where N is the number of GW sources in our sub-population, scanning
from m=1 to N sources. The result is N binomial p-values, interpreted as the
probability that the first k-th sources are compatible with the background-only
hypothesis. We then pick the best P(k) or Pyinom,,,. Since we are selecting
the lowest p; from each time window for each GW source, and we are se-
lecting the lowest P(k) or Phiom Jua» WE are biasing our analysis. In order to
take into account that bias, we repeat the same procedure on off-time back-
ground data, scrambling in time and picking from the same scrambled time
the lowest p-value from all four search windows, performing the binomial test
and obtaining a P(k) (see Fig. 6.14 for an example). This process is repeated
many times, obtaining a binomial background distribution Py, for each sub-
population (see Fig. 6.15 for an example). We can then use this distribution to
correct for the bias and to obtain a final p-value:

Pbinom = PrOb(Pbinom > Pbinomdam)' (6.10)
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6.4.3 Discussion

This section outlines the motivation and methodology for searching for MeV
neutrino bursts from transients that produce GWs and bursts of thermal neu-
trinos, as detailed in Paper IV. This analysis marks the first search for MeV
neutrinos correlated with GWs within IceCube. However, Due to the blind-
ness policy governing IceCube analyses, this search was not yet unblinded at
the time of writing. Once approval is granted, the methodology will be applied
to on-time data to reveal the results.

6.5 High-Energy Neutrinos from CCSNe
6.5.1 Motivation
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Figure 6.16. Yearly CCSNe rate as a function of distance. On the y-axis, we have the
yearly CCSNe rate, and on the x-axis, the distance. The red dashed line represents
the continuum in star formation rate, and the blue curve represents the CCSNe rate,
including uncertainties. Reproduced from [14].

As we have seen in Section 5.4, due to the nature of IceCube’s MeV anal-
ysis, the sensitivity for transients that produce an electron antineutrino lumi-
nosity of 0(10°2 — 103 erg/s) is in the O(10’s) kpc (see Fig. 5.22) or to the
Magellanic Clouds. With this reach, we are limited to 1-2 CCSNe per century
in the Milky Way [13], and similarly for the LMC and SMC (see Fig. 6.16). In
addition, some CCSNe EM emission might be obscured by dust, especially in
starburst sites, where the photon emission can be so heavily reprocessed that it
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becomes reddened to the IR [211] or even completely obscured [212, 213]. As
shown in Fig. 6.16, the probability of observing a CCSNe increases with dis-
tance. Motivated by the increase in CCSNe with ~ D3 [142] and the potential
EM obscuration of CCSNe, we wanted to investigate IceCube’s detection hori-
zon for HE neutrinos from CCSNe. We investigated CSM-ejecta and choked
jets using two HE neutrino flux models.

6.5.2 Analysis Methodology

Number of Neutrinos Observable by IceCube
To determine how many HE neutrinos IceCube can observe as a function of
distance averaged over direction, we can use the following convolution;

1 tnax [ Emax
Nv="7a Ey,t)Acrr(Ey)dtdE 6.11
Y (d/dref)z /tmm /Emin ¢v( Vs ) eff( V) \% ( )

where d is the distance to source, d,.r is the distance at which the model
flux is provided, #,,;, and f,,, are the minimum and maximum observation
time, Ey is the neutrino energy, ¢y (Ey,¢) is the model flux, and A.¢¢(Ey) is
the effective area, which is the neutrino detection sensitivity for the detector.

Data Samples

For this work, we used two different public data samples from IceCube to ob-
tain the A, 7y, motivated by the energy distribution of the flux (Fig. 6.17 and
Fig. 6.18) from few GeV to few PeV, with peak flux around 10 TeV to few PeV
depending on the model. As mentioned earlier, the effective area encodes the
detector response as a function of neutrino energy, and different data samples
have different efficiencies, primarily due to the efficiency of the background
cuts; for the northern sky, the typical selection is of events originating below
the horizon (up-going events), resulting in a sensitivity to only vy-induced
tracks. This selection allows the detector volume to be larger than the geo-
metrical volume. However, this selection cannot be extended efficiently past
5° above the horizon (see Fig. 5.11 for IceCube’s horizon) without consid-
erably diminishing the effective detector volume. This is because strict cuts
have to be placed to filter the atmospheric muon background, allowing for only
very high-energy events with high-quality reconstruction to be accepted. An
alternative for below the horizon, or the Southern sky, is starting events (con-
tained events). These can be used to observe as many events as possible in
the Southern sky at lower energies O(>GeV). In order to determine which Ice-
Cube sample was optimal for our analysis, we compared the model fluences
with the effective area for the data samples.

95



CSM-ejecta model

In Fig. 6.17, we compared the fluence for the CSM-ejecta model at a maximal
integration time of 7, = 10°8 s for Type H-P SN, and t,,4x = 107 s for
Type IIn 8, against the angle-averaged effective areas. The CSM-ejecta model
has a flux that starts at the low GeV and terminates at the low PeV, with the
bulk of the flux between GeV-TeV. Therefore, for the northern sky, the track
sample performs the best in the energy range of interest. For the southern sky,
the MESE sample performs the best, especially considering that all flavors of
neutrinos can be observable.

Choked-jets model

We also checked the optimal data samples for the choked-jet model, plotting
the fluence against the effective areas as seen in Fig. 6.18. Although they are
shown as individual components, we can see that the fluence has an energy
range of TeV to PeV, with a higher flux component between 1 TeV and a few
PeV. For the northern sky, the most neutrinos were observable with the Tracks
sample, whereas in the south, it was with the MESE sample.

10 Year Point Source Sample - Tracks

This dataset consists of events between April 6, 2008, and July 8, 2018 [214]
and consists of only muon tracks. It includes events from the seasons prior
to the completion of the detector (IC40, IC 59, and IC79) and the seasons
after detector completion, which are named IC86°. This dataset consists of
high-quality, high-energy muon tracks that pass through the detector. For the
southern sky, this data sample applied an energy cut of E,; ~ 10 TeV to
reduce atmospheric muons (see Fig. 6.17b), in addition to vetos.

Medium Energy Starting Events 2 Year Sample - MESE

This dataset consists of events that started within the instrumented volume be-
tween May 2010 and May 2012 [167]. The typical strategy for starting event
analyses is selecting events that have the interaction vertex within the detec-
tor volume with the outer layer acting as the veto to help reject atmospheric
muons, with an additional energy cut of about ~ 10’s TeV [215] to ensure that
no lower energy muons pass through. In order to increase the energy sensi-
tivity to lower energy neutrinos, different vetos are required. For the MESE
sample, they employed the whole detector as veto, where isolated photons
detected could be used to veto an event depending on where and when it is de-
tected with respect to the interaction vertex of an event. The result is a sample
of events that started within the detector volume with a minimum energy of 1
TeV.

8These maximal times refer to the longest period during which neutrinos can be efficiently
produced, ending when the shock radius matches the radius of the CSM [84]
91IC standing for IceCube and the following number being the number of available strings.
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Averaging effect to the Effective Area

For this work, we used a declination-averaged effective area to inform the total
number of observable neutrinos. We found that averaging the effective area did
not affect considerably the number of neutrinos observable at the energies that
we were interested in, with the extremes being ~ +7%/ — 19% for northern
sky tracks and ~ 4+5%/ — 3% for the southern sky MESE, as shown in Fig.
6.19.

CCSNe Rate of Nearby Galaxies

In order to determine if we could reach interesting galaxies with HE neutri-
nos from CCSNe, we took two approaches to infer the CCSNe rate: Inferred
rates for nearby galaxies and direct observation for more distant galaxies. For
nearby distances O(few Mpc), since there have been no observed CCSNe °,
we used a catalog of inferred CCSNe rate computed by measuring Hy, lines,
which is an indicator of star formation activity [48]. For further distances,
0O(10’s Mpc), we obtained a CCSNe rate from direct optical observations of
CCSNe, computed using the Zwicky Transient Facility (ZTF)'! [216] cata-
log for the northern hemisphere, and the All-Sky Automated Survey for Su-
pernovae (ASAS-SN)!2 [217], for the southern hemisphere. Because these
longer reaches were limited to the CJ model, we obtained the CCSNe rate for
that model using observations of Type Ib, Ic, and IIb SNe and scaled it to a
yearly number to obtain Rgy. We chose ZTF for the northern sky due to the
great sky coverage, surveying the whole northern sky every two days, and a
high rate of annual visits per source [218]. For the southern sky, we selected
ASAS-SN for its capability of monitoring the whole sky every 2-3 days [219],
although it has fewer annual visits per source compared to ZTF [218].

6.5.3 Discussion

We have presented the motivation and methodology to the work from Paper
V. We obtained IceCube’s detection horizon for HE neutrinos from CCSNe
for both CSM-ejecta and CJ models, covering a population of 87% of CCSNe.
We demonstrated that the detection horizon can be extended to a few Mpc with
the CSM-ejecta model and close to 100 Mpc with the CJ model. We demon-
strated that we can expect one CCSNe harboring CJ to be observable via neu-
trinos in 10 years of IceCube data, assuming a neutrino singlet, or in 15 years
of IceCube data, assuming a neutrino doublet. In this work, we considered two
specific models that make a moderate prediction of neutrinos expected, as well

10Except SN 1987A.
https://sites.astro.caltech.edu/ztf/bts/explorer.php?f=s&subsample=
ccsn&ztflink=lasair&format=table&reverse=y

Zhttps://www.wis-tns.org
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as assuming a moderate prediction for the CCSNe sub-population that could
have jets. Although our work covered a small parameter space, it contributes
to the much-needed prospects on the CCSNe detection horizon. The neutrino
flux is dependent on many parameters, such as the assumed spectral index of
the CR [82, 84], the CR energy [88], the shock velocity [88] and even the col-
limation of the jets [220, 104]. Therefore, the neutrino flux from CSM-ejecta
mechanisms of CJ mechanisms likely lies in a distribution, with all possible
parameter spaces affecting it. Therefore, making any definitive statement on
the models is challenging.
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Figure 6.17. CSM-Ejecta model fluence with the two different effective areas used
in this study. The x-axis represents the energy, the left y-axis represents the neutrino
energy fluence, and the right axis represents the effective area. a) The plot shows
the two different fluences used in this study, where the red curve is for type IIn and
the black curve is for type II-P. The solid curve represents the fluence with a proton
spectral index of s=2.0, and the dashed curve represents s=2.2, evaluated at d = 10
kpc and 4 = 1073 s for type II-P and #,,,, = 107 s for type IIn. All the other
curves represent the effective area; the blue curve represents the northern sky track’s
effective area, and the olive curve represents the southern sky track. The turquoise
curves are for the northern sky Medium Energy Starting Event (MESE) effective area
for different flavors, and the magenta curves are for the southern sky, where solid is
for V,, the dotted line is for v, and the dash-dot is for v;. b) Zoomed-in version of
plot a).
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Figure 6.18. CJ model fluences against the different effective areas. The x-axis rep-
resents the energy, the left y-axis represents the neutrino energy fluence, and the right
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nels contributing to the neutrino fluence. All the other curves represent the effective
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magenta curves are for the southern sky, where solid is for v, the dotted line is for v,
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Figure 6.19. Effect of averaging the declination. a) The neutrino detection horizon
variability of the northern sky track sample as a function of the declination. The
y-axis shows the difference from the average effective area, and the x-axis shows
the declination in degrees. As we can see, the variability in the detection horizon
depending on the declination is ~ 10%.b) The neutrino detection horizon variability
of the southern sky MESE sample, depending on the direction of arrival, as we can
see, is < 10%.
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7. Summary and Conclusions

This thesis explored neutrinos from transient sources associated with the death
of stars, ranging from low-energy (MeV) to high-energy (>GeV) events like
CCSNe, GRBs, and NS mergers. While low-energy neutrinos were detected
from a CCSN in 1987, the other sources remain undetected via neutrinos. The
main aim of the analyses presented was to expand our prospects to observe
these sources through neutrinos and to develop new tools and techniques for
future research. For MeV neutrino searches, due to the high background floor,
we use other messengers such as photons and gravitational waves to inform
our search in hopes of discovering neutrinos from these incredible cosmic lab-
oratories. To search for these neutrinos, we made use of data from the cubic
km neutrino telescope located at the South Pole, the IceCube Neutrino Obser-
vatory, which boasts of an incredible detection sensitivity from MeV to over
PeV and an observation up-time of over 95%.

In Paper I, we searched for MeV neutrinos from one of the brightest GRBs
of all time, the GRB 221009A. We searched for neutrinos using six different
time windows, informed by the gamma-ray light curve and the different mod-
els that predict thermal neutrinos, for example, from NDAFs. Since we did not
observe an excess, we placed 90% C.L. U.L. on the neutrino flux and luminos-
ity, assuming a blackbody spectrum with a mean energy of 15 MeV. In Paper
II, we demonstrated a new method to set U.L. that does not make assump-
tions on the spectral shape but rather assumes that all of the flux or luminosity
is emitted in a single energy bin, and we produced this mono-energetic 90%
C.L. U.L. for GRB 221009A. In Paper III, we demonstrated a new analysis
stream to search for MeV neutrinos, allowing IceCube to respond in real time
to external alerts using the MeV data stream. Its first planned application is
the follow-up of LVK O4 alerts. In Paper IV, we demonstrated the method-
ology for searching for MeV neutrinos correlated with gravitational waves.
We used the binomial test to find if a sub-population of the LVK O1, O2, and
O3 catalog are neutrino emitters. IceCube analyses are subject to blindness,
where the analysis has to be developed and tested before looking at data to
reveal the result. At the time of writing this thesis, the analysis from Paper
IV is pending approval from the IceCube collaboration to unblind. Although
the analysis in Paper III has received approval for unblinding, there has been
a delay in deploying the South Pole component PySNDAQ. Finally, in Pa-
per V, we investigated HE neutrinos from CCSNe, exploring how IceCube’s
detection horizon can be extended to distances where optical observations of
CCSNe have been made.
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The MeV neutrino search from GRB 221009A and the LVK 01+02+03
catalogs represent novel implementations of the potential capabilities with the
IceCube SN data stream. The GRB analysis was the first to search for MeV
neutrinos from GRBs in IceCube and the first to search for neutrinos from
a GRB with a large energy range in IceCube. This analysis set the frame-
work for low-energy neutrino searches, such as the MeV neutrino search with
GWs. It also provided the motivation for developing the methodology to set
model-independent limits on MeV neutrinos in IceCube and the development
of the MeV Fast Response Analysis tool. These advancements allow IceCube
to follow up external alerts from the astronomical community with SN data,
expanding its fast response pipeline energy sensitivity from MeV to PeV. This
expansion will not only aid in the quest to find neutrinos from transient sources
but also help our understanding of these sources by combining more messen-
gers that we can observe and covering a larger energy range. When looking
at HE neutrinos from CCSNe, we demonstrated that it is possible to extend
the detection horizon past the LMC, close to 100 Mpc, or over three orders
of magnitude more, significantly expanding our detection horizon for CCSNe,
and we demonstrated that one of such source should be observable in 10 years
of IceCube data.

This work contributes to the growing body of work in the astroparticle com-
munity trying to understand the cataclysmic events that stem from the death
of stars. Looking ahead, future improvements in detector size and technol-
ogy, such as the planned IceCube-Gen?2 [221], could significantly increase the
detection horizon for HE neutrinos from CCSNe and enhance the sensitivity
for bursts of thermal neutrinos from transients. Moreover, anticipated im-
provements in the reconstruction of higher-energy events O(> 100 MeV) and
improvements in the characterization of the atmospheric muon background
for low-energy neutrino searches could lead to substantial improvements in
sensitivity.
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8. Swedish Summary - Svensk Sammanfattning

Avhandligens titel: At Soka efter IceCube-neutriner fran stjdrndod och framat:
Fran MeV- till PeV-energi

Denna avhandling syftade till att soka efter neutriner inom olika energiom-
raden fran astrofysikaliska kéllor som hérror fran stjarndod, vilket kallas en su-
pernova. Dessa kéllor dr en klass av transienta kéllor, som dr astrofysikaliska
héndelser som intréffar pa korta tidsskalor i kosmos utveckling. Forskningen
genomfordes med hjdlp av IceCube-data och projektet utfordes vid Uppsala
universitet inom ramen for IceCube-samarbetet, som bestar av 6ver 350 aktiva
forskare inkusive over 15 forskare vid Uppsala och Stockholms universitet.

Stjarndod och framat

Stjdrnddden, eller supernovan, dr en av universums mest fantastiska hiindelser
och frigdr enorm energi i ett utbrott som sprider livsviktiga element 6ver kos-
mos. Nir en stjdrna har forbrukat sitt kidrnbrénsle, kollapsar dess kdrna under
gravitationen vilket leder till en massiv explosion som kastar stjirnans yttre
lager ut i rymden. Denna explosion #r sa ljus att den kan Gverglidnsa hela
galaxer under en kort tid. Explosioner som dessa spelar en viktig roll i univer-
sum genom att sprida tunga element som &r avgorande for att bilda nya stjarnor
och planeter. Under explosionsprocessen, for en typ av supernova som kallas
karnkollaps-supernova, bestar upp till 99% av den frigjorda energin bestar av
ett utbrott av lagenergineutriner, vilket resulterar i triljoner av neutriner inom
nagra sekunder, som kommer fran djupt inne i stjirnans kérna. For att ge en
uppfattning, kan en supernova i bara nagra sekunder frigéra fler neutriner #n
antalet fotoner som solen sénder ut under sin hela livstid!

Aven om dessa neutriner kallas ligenergi- ir de fortfarande otroligt ener-
giska med energier i megaelektronvolt (MeV), vilket dr 6ver en miljon ganger
mer energiskt dn en foton av synligt ljus. Men denna explosion &r inte slutet
pa historien. En neutronstjirna eller ett svart hal kan bli kvar efterat. Fore
explosionen kan stjirnan genomga en forlust av materia under hela sin livs-
lingd. Denna materia firdas bort fran stjarnan under aren och bildar néstan
det vi kan kalla ett 'moln’ av materia eller cirkumstelldir materia. N&r ex-
plosionen dger rum och lagenergineutrinerna frigors, fardas chockvagor utat,
passerar genom lager av materia tills de bryter igenom, och det dr da ljus, eller
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fotoner, produceras vilket vi skulle kunna observera med blotta 6gat om en su-
pernova skulle explodera i galaxen Betelgeuse. Nér denna chockvag fortsitter
att fardas utat borjar den stota pa cirkumstelldr materia. Om forhallandena dr
ritt kan partikelacceleration dga rum. Denna partikelacceleration dr liknar av
forskare tillverkade acceleratorerna vi har pa jorden, som Large Hadron Col-
lider, men vid en energiskala som skulle vara omgjliga att uppna pa jorden. For
att ge konkretisera kan partiklar i astrofysikaliska acceleratorer uppna energier
biljoner ganger storre @n vad vi kan uppna i tillverkade acceleratorer. Par-
tikelacceleration kan ske inte bara nér chocker firdas utat och interagerar med
cirkumstelldr materia, utan ocksa om det svarta halet som bildades roterar, dir
materia sugs in i magnetfiltets virvlar och producerar ’jettar’ av partiklar, dir
manga, manga chocker intréffar ndr de fardas ut. Nér dessa chocker interagerar
med materia i jetten eller med cirkumstelldr materia, kan hogenergi-neutriner
produceras vid giga- till petaelektronvolt (GeV till PeV), som &r mellan tusen
och en biljard ganger storre i energi 4n lagenergineutrinerna.

Forutom svarta hal kan neutronstjdrnor produceras under en supernova vilka
ar den kvarvarande kidrnan av en supernova. Dessa nya stjdrnor, som mestadels
bestar av neutroner och dr mycket titt packade, skapar idealiska forhallanden
for extrema tillstand av materia, vilket gor dem utmirkta laboratorier for att
studera fysik under de mest extrema forhallandena, som mycket hog densitet
och superstark gravitation. Att studera dem for att forsta materia under nor-
mala forhallanden kan dock vara knepigt eftersom manga neutronstjirnor dr
svara att uppticka eftersom de inte avger tillricklig stralning. Om neutron-
stjarnan ddremot snurrar tillrdckligt snabbt kan partikelacceleration dga rum
vid stjarnans poler vilket producerar hogenergistralning. Om polerna #r rik-
tade mot jorden kan vi observera dem i ’pulser’ nér de roterar in och ut ur var
axel. Dessa kallas Pulsarer. Men detta gor det inte mojligt att se djupt in i
neutronstjirnans extrema system.

Under en neutronstjirnas livscykel kan den kretsa i bindra system med an-
dra neutronstjirnor eller med ett svart hal. Denna omloppsbana far dem att
forlora energi genom krusningar i rumtiden, eller gravitationsvagor, vilket
far dem att kretsa nirmare och ndrmare varandra, rotera snabbare och snab-
bare, tills de kolliderar, vilket orsakar en massiv energiutlosning och produc-
erar gravitationsvagor som vi ibland kan uppticka, kallad en sammanslagn-
ingshdndelse. Under denna korta hindelse som varar nagra sekunder, kom-
primeras den tdta neutronstjdrnematerian ytterligare, och tunga element som
guld och platina bildas och frigors i rymden. Denna kompression kan produc-
era och frigora mycket lagenergi-neutriner. Historien fortsitter: kdrnkollaps-
supernovor och neutronstjirne-sammanslagningar kan orsaka en extremt en-
ergisk explosion kind som gammablixt, ddr en intensiv blixt av gammastralar,
den ljusform med hogst energi, produceras.

Antt att supernovor kan producera extrema ljusutsldpp for att observera
dem, och neutronstjarnor kan producera ljus inte bara som Pulsarer utan ocksa
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gravitationsvagor och extrema ljusuttbrott under sammanslagningen, varfor
pratar vi dd om neutriner? Hittills har vi bara diskuterat dem i produktion-
ssammanhang. Kom ihag att vi kan ha lagenergi-neutriner som produceras
under extrema forhallanden av densitet och temperatur via kidrnprocesser och
hogenergi-neutriner som kriver extrema hastigheter och kollisioner. Bada ger
oss olika information om systemet. Dessa olika budbérare, som ljus, gravita-
tionsvagor och neutriner vid olika energier, dr fordelen med multi-messenger
och multi-energy astrofysik som ger oss olika pusselbitar av kosmos vilket
gor att vi kan undersoka olika omraden och mekanismer for att forsta dessa
magnifika platser.

Neutriner - en del av pusslet

Neutriner dr sma subatomira osynliga partiklar. De dr de minsta och littaste
kinda partiklarna, med mycket ligre massa dn atomer eller elektroner. Men
till skillnad fran elektroner bir neutriner ingen elektrisk laddning. Detta bety-
der att de inte interagerar med elektriska eller magnetiska filt vilket gbr dem
mycket svara att upptidcka eftersom de passerar genom materia som om den
inte existerade. Men denna egenskap &r ocksa en vélsignelse; eftersom de fir-
das genom rymden utan att interagera kan de anvindas som ’pekande vapen’
mot ursprunget. Aven om de sillan interagerar med materia si hinder det att
de gor det, sdrskilt nédr neutrinoenergin 6kar. For att fanga dessa neutriner
behover vi en enorm detektor med minimalt brus for att observera dem, som
IceCube Neutrino Observatory.

IceCube neutrinoobservatorium

IceCube Neutrino Observatory dr en enorm neutrinodetektor pa 1 kubikkilo-
meter, beldgen vid Sydpolen och begravd mycket djupt i isen, sa djupt som
2400 m ned. Detektorn bestar av over 5000 kameror som Overvakar den
klara antarktiska isen pa jakt efter neutriner. Nér tillrdckligt energiska neu-
triner passerar genom isen kan de interagera med den och producera laddade
partiklar. Cherenkovstralning produceras nir dessa laddade partiklar fardas
genom isen snabbare dn ljusets hastighet i is. Denna stralning dr fotoner med
vagldngder mellan UV-stralning och optisk stralning, som kamerorna kan de-
tektera. Sedan, med mycket komplexa algoritmer och analyser, manga statis-
tiska verktyg och en forstaelse for var ’fororening’, kan vi bestimma hur
manga neutriner som passerade, varifran de passerade, om de ar tillrdckligt
energiska och andra neutrinoegenskaper vilket gor att vi kan studera det astro-
fysikaliska universumet i det osynliga av det elektromagnetiska spektrat.
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Avhandlingens dmne

I denna avhandling beskriver jag sokandet efter MeV-neutriner fran gammablixt
och Neutron Star Mergers med hjilp av IceCube-data. Vi anvinde information
fran andra budbérare, som gamma-stralar for gammablixt och gravitationsva-
gor for neutronstjarnesammanslagningar, for att ta reda pa hur och nir vi skulle
soka. I denna process sokte vi efter neutriner fran de ljusaste gammablixt
genom tiderna, *Brightest of All Times’ eller BOAT, GRB 221009A. Vi fann
inget statistiskt signifikant av MeV-neutriner. Anda satte vi konkurrenskraftiga
grinser for den forvintade neutrino-flodet fran den killan som teoretiker kan
anvénda for att utveckla sina modeller. Varan var ocksa den forsta analysen av
sitt slag for en gammablixt i IceCube, dir vi sag pa neutrinoenergier fran MeV
till PeV. For att soka efter neutriner fran neutronstjirnesammanslagningar an-
viande vi gravitationsvagor upptiackta av LIGO-Virgo-KAGRA for att ldgga
grunden till vara sokningar. Vi utvecklade ett nytt verktyg dér, nér en varning
fran en annan multi-messenger-observatorium mottas och om killan skulle
kunna vara en kandidat for MeV-neutriner, vi kan utfora en snabb analys med
hjilp av satelliten som anvédnds av IceCube for att kommunicera med detek-
torn vid Sydpolen kan se data i realtid och rapportera tillbaka till gemenskapen
om vara resultat om huruvida vi saig MeV-neutriner. Vi utvecklade ocksa och
forbattrade metoder for att soka efter MeV-neutriner fran neutronstjérnesam-
manslagningar, och producerade den forsta analysen av sitt slag i IceCube.

Som ndmnts tidigare dr dock var formaga att uppticka neutriner mer ut-
manande ju ldgre energi de har, med till exempel supernovor som &r observer-
bara med lagenergi-neutriner upp till de satellitgalaxer som kallas Stora Mag-
ellanska molnen och Lilla Magellanska molnen. Chansen att en supernovorx-
plosion sker i var galax och de satellitgalaxerna dr dock runt en gang var 40:e,
vilket begrinsar hur manga vi kan observera via neutriner och dérfor stud-
era egenskaperna hos. Fram till idag har endast en astrophysikalisk transient
observerats med lagenergi-neutriner: Supernova 1987A, som intriffade 1987.
Men vi vet att supernovor ocksa kan producera hogenergi-neutriner. Darfor
gjorde vi ocksa en studie for att undersoka hur mycket ldngre ut vi skulle
kunna na. Vi fann att rdckvidden till kidrn-kollaps supernovor kan utvidgas
till 2000 ganger mer dn med lagenergi-neutriner, vilket gor att vi kan na fler
galaxer och ddrmed fler supernovor.

Arbetet som genomforts i denna avhandling bidrar till att frimja sokandet
efter neutriner fran astrofysikaliska kéllor, och tillhandahaller nya verktyg och
metoder for forskare och hjilper till att ge en pusselbit for att fa en komplett
bild av dessa extrema hindelser.
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