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Abstract
The field of neutrino astronomy was born in 2013 when a diffuse flux of high-energy
astrophysical neutrinos was discovered by the IceCube Neutrino Observatory at the
South Pole. So far, only a few hints have been reported for possible sources of
these high-energy neutrinos, such that their origin remains largely unidentified. A
promising class of neutrino-source candidates consists of ultra-luminous infrared
galaxies (ULIRGs). With infrared luminosities exceeding 1012 solar luminosities in
the wavelength range 8–1000 µm, these spiral-galaxy mergers are the most luminous
object in the infrared sky. ULIRGs are mostly powered by starbursts that produce
an equivalent of over 100 solar masses per year, and active galactic nuclei (AGN)
can yield secondary contributions to the infrared luminosity of these sources. Both
starburst regions and AGN constitute promising environments for the production
of high-energy neutrinos.
This thesis presents a novel IceCube study searching for high-energy neutrinos
from ULIRGs. First, a dedicated selection of 75 ULIRGs, distributed over the full
sky, is made using three catalogs based on data of the Infrared Astronomical Satellite (IRAS). This selection yields a representative sample of the local ULIRG source
population within a redshift z ≤ 0.13. Second, 7.2 years of high-quality IceCube
data is used for the search for high-energy astrophysical neutrinos from this ULIRG
sample. For this purpose, a stacking analysis is developed to enhance the sensitivity for a small signal of ULIRG neutrinos in data that is dominated by atmospheric
backgrounds.
No high-energy neutrinos from ULIRGs are identified in the stacking search.
These null results allow to set upper limits on the neutrino flux from the selection
of 75 ULIRGs. Moreover, these results are extrapolated to upper limits on the diffuse neutrino flux of the full ULIRG source population accumulated over cosmic
history. As such, the first ever constraints are set on the contribution of ULIRGs to
the diffuse astrophysical neutrino flux detected by IceCube. For an Eν−2.5 neutrino
energy spectrum, the ULIRG contribution to the diffuse neutrino flux is restricted to
.10% at 90% confidence level. In addition, these limits are used to constrain several
model predictions of high-energy neutrino emission from ULIRGs, providing novel
insights into the high-energy astrophysics of these sources.

v

vi

Samenvatting
In 2013 rapporteerde het IceCube Neutrino Observatorium aan de Zuidpool de ontdekking van hoogenergetische astrofysische neutrino’s. Sindsdien heeft IceCube een
diffuse flux van deze neutrino’s waargenomen, maar blijft hun oorsprong grotendeels onbekend. Ultra-heldere infraroodstelsels (ULIRGs) vormen een veelbelovende bronklasse die de huidige neutrino-observaties zou kunnen verklaren. Deze interagerende sterrenstelsels hebben een karakteristieke infraroodhelderheid die meer
dan 100 keer groter is dan de totale helderheid in elektromagnetische straling uitgestraald door ons eigen melkwegstelsel. Het gigantische vermogen van ULIRGs is
voornamelijk te wijten aan de vorming van 100 zonsmassa’s aan sterren per jaar.
Bovendien kan een supermassief zwart gat dat actief materie opslorpt (AGN) een
tweede contributie geven aan de infraroodhelderheid. De extreme stervorming en
AGN creëren ideale omgevingen waarin hoogenergetische neutrino’s geproduceerd
kunnen worden.
Dit proefschrift omvat een eerste IceCube zoektocht naar hoog-energetische neutrino’s afkomstig van ULIRGs. Eerst wordt een selectie van 75 ULIRGs gemaakt,
die voornamelijk gebaseerd is op data van de infraroodsatelliet IRAS. Deze selectie
is representatief voor de volledige bronpopulatie van ULIRGs binnen een roodverschuiving z ≤ 0.13. Vervolgens wordt een IceCube analyse opgesteld om hoogenergetische neutrino’s te identificeren die afkomstig zijn van deze 75 geselecteerde
ULIRGs. Hiervoor wordt kwaliteitsvolle IceCube data gebruikt, die geregistreerd
werd tussen 2011–2018. Bovendien wordt de cumulatieve neutrinoflux van ULIRGs
onderzocht in plaats van elke bron apart te analyseren. Deze methode optimaliseert
de gevoeligheid van de analyse om een signaal van ULIRG neutrino’s waar te nemen
in de data, die gedomineerd wordt door atmosferische achtergronden.
Er worden geen hoogenergetische astrofysische neutrino’s van ULIRGs geïdentificeerd in deze analyse. Desondanks kan dit resultaat gebruikt worden om nooit
eerder bepaalde limitien te plaatsen op de neutrino-emissie van deze bronnen. In
het bijzonder worden er limieten geplaatst op de contributie van de volledige populatie van ULIRGs aan de diffuse neutrino observaties van IceCube. Indien ULIRGs
neutrino’s zouden produceren volgens een Eν−2.5 energiespectrum, dan kan deze
bronklasse .10% van de diffuse IceCube observaties verklaren met een betrouwbaarheidsniveau van 90%. Bovendien levert dit resultaat beperkingen op voor verschillende modellen die hoogenergetische neutrino’s van ULIRGs voorspellen. Op
deze manier worden er nieuwe inzichten verworven in de hoogenergetische astrofysica van deze objecten.
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Preface
High-energy astrophysical neutrinos were discovered by the IceCube Neutrino Observatory in 2013—the only fully-operational 1-km3 optical neutrino telescope currently in existence—marking the birth of neutrino astronomy. This young field has
grown significantly over the past decade, thanks to the characterization of this diffuse astrophysical neutrino flux. However, one of the major questions in neutrino
astronomy is yet to be answered: Where do high-energy astrophysical neutrinos come
from? Recent studies have found first hints for potential sources of neutrinos, although their origin remains largely unknown. In fact, after 10 years of observations,
various constraints have been set on the sources that could be responsible for the
diffuse astrophysical neutrino flux. The current status of neutrino astronomy, and
how it fits within the overarching fields of astroparticle physics and multimessenger
astronomy, is reviewed in Chapter 1.
In this thesis, an IceCube search is performed for astrophysical neutrinos originating from ultra-luminous infrared galaxies (ULIRGs). These are the most luminous astrophysical objects in the infrared sky. Not only are ULIRGs promising
neutrino-source candidates, but their neutrino emission has not been constrained in
previous studies. In principle, the ULIRG source class as a whole could be responsible for the diffuse astrophysical neutrino flux observed by IceCube. The properties
of ULIRGs and possible neutrino emission mechanisms are outlined in Chapter 2. In
addition, a dedicated selection of ULIRGs is performed, which lays the foundation
for the IceCube analysis of this work.
Chapter 3 is dedicated to the IceCube experiment and how it functions as an
optical-Cherenkov neutrino telescope. The various types of detection patterns are
covered, as well as the main backgrounds for studies of astrophysical neutrinos. Particular attention is devoted to tracks, which are the events in IceCube that yield the
best angular resolution, making them ideal for neutrino-source studies. A detailed
description is therefore given of the GFU dataset, which consists of high-quality IceCube tracks that are used for the analysis in this work. A short comparative study is
also presented between the GFU sample and another dataset that is widely used in
neutrino-source searches with IceCube.
The statistical analysis used to search for high-energy neutrino from the selected
ULIRGs is described in Chapter 4. More specifically, a stacking analysis is developed, where the contribution of ULIRGs to the analysis is given a weight based on
their observed infrared flux. The performance of the stacking analysis is tested using simulations. In particular, sensitivities are computed for neutrino emission from
the selection of ULIRGs under consideration in this work. Furthermore, the first
compatibility check is presented between two software packages used in IceCube
searches in the context of a stacking analysis.
Finally, Chapter 5 presents the results of the IceCube stacking search for highenergy neutrinos from the selection of ULIRGs using the GFU data sample. Null
results are reported, and upper limits are computed on the neutrino flux originating
xix

from the ULIRG selection. Systematic effects on these results are investigated, and
the neutrino energy range covered by the upper limits is also determined. Moreover,
the results are extrapolated to upper limits on the diffuse neutrino flux of the full
population of ULIRGs over cosmic history. As such, the first ever constraints are
obtained on the contribution of ULIRGs to the diffuse IceCube observations. On
top of that, these upper limits are used to constrain several model predictions of
neutrinos from ULIRGs.
The scientific efforts of this work have been published in a peer-reviewed article
[1] and several conference proceedings [2–5]. Therefore, the reader should be aware
that some passages in this thesis will strongly resemble the content of these publications. As a last remark, it should be noted that all cosmological computations in
this thesis use the 2015 results of the Planck mission for a ΛCDM cosmology [6].
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Chapter 1
Neutrino Astronomy in the
Multimessenger Era

”

Somewhere, something incredible is waiting
to be known.
— Carl Sagan

Introduction
Astronomy finds its origins at the dawn of human civilization. Although for several
millennia the study of the night sky was limited to observations of electromagnetic
radiation, the past decade saw major breakthroughs in modern astronomy with the
discovery of high-energy astrophysical neutrinos and gravitational waves in 2013
and 2015, respectively [7–9]. These discoveries opened up new windows to the Universe that complement the photon sky. A gravitational-wave signal was observed
in coincidence with photons from the neutron-star merger GW170817 in August
2017 [10, 11]. Roughly one month later, a high-energy neutrino was observed in coincidence with photons originating from the blazar TXS 0506+056 [12, 13]. These
observations marked the birth of multimessenger astronomy, the study of the Universe through the combination of different cosmic messengers—photons, neutrinos,
gravitational waves, and cosmic rays.
Cosmic rays1 were actually the first extraterrestrial particles to be observed other
than photons, as they are in fact charged atomic nuclei.2 They were discovered by
Hess in 1912 [15], from which the field of astroparticle physics emerged.3 With
energies reaching4 1020 eV ≈ 16 J, they are the most energetic particles ever to be
detected. However, because cosmic rays carry an electric charge, they are deflected
by magnetic fields on their trajectory through space (Figure 1.1). Consequently, they
do not point back to their source when observed at Earth, and their origin thus remains an unsolved mystery. Fortunately, cosmic rays are expected to interact within
their source environments, producing gamma rays (high-energy photons) and neutrinos, which do not carry an electric charge and therefore point back to their source.
Gamma rays, however, are not solely produced in processes involving cosmic rays,
1 The term “cosmic ray” stems from the fact that they were originally believed to be some form of
electromagnetic radiation.
2 Generally, cosmic rays can also refer to charged (anti)leptons and antinuclei that reach Earth from
space, but these will not be considered in this work. See [14] and references therein for more details.
3 Photons, like all quanta, possess both particle and wave characteristics. However, in 1912 the
idea of wave-particle duality was not yet confirmed, such that astronomical observations relied solely
on the wave properties of electromagnetic radiation. Only in later years, astronomers started to exploit
the particle characteristics of light, especially at higher energies (X-rays and gamma rays).
4 It is remarkable that a microscopic particle can possess an energy that is typical for macroscopic
scales. As a reference, 16 J is the kinetic energy of a tennis ball with a mass of 50 g crossing the net at
a velocity of 90 km hr−1 .
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Figure 1.1: An illustration of the multimessenger connection between cosmic rays,
gamma rays, and neutrinos, taken from [16]. Cosmic rays (in this case a proton) that
escape their source are deflected by magnetic fields on their trajectory to Earth, since
they possess an electric charge. Some cosmic rays are expected to interact within their
source environment before escaping, producing gamma rays and neutrinos, which
are not electrically charged. Gamma rays can be attenuated by matter or radiation
before reaching Earth, and are not uniquely produced in cosmic-ray interactions.
High-energy neutrinos are the ideal smoking-gun signature of cosmic-ray interactions, as they are solely produced in such processes and reach Earth unattenuated.

and they can also be attenuated by matter and radiation on their path to Earth. Highenergy neutrinos, on the other hand, are uniquely produced in cosmic-ray interactions, and they propagate through the Universe unhindered. Thus, neutrinos are the
ideal smoking-gun signature of cosmic-ray sources, as illustrated in Figure 1.1.
This Chapter provides a brief review of the latest advances in neutrino astronomy, which is the main field in which this work is situated. Section 1.1 gives more
details on where neutrinos fit in the overarching multimessenger picture, by discussing their connection with cosmic rays and gamma rays in more detail. Note that
gravitational waves will not be considered in the remainder of this thesis. Next, the
measurements of diffuse high-energy cosmic neutrinos are presented in Section 1.2,
whereas the discussion on their astrophysical sources is reserved for Section 1.3. Finally, to conclude this review, Section 1.4 provides a look into the future prospects
for neutrino astronomy and how the field might develop over the coming decades.
For a brief introduction into some of the conventions used in this work regarding astronomy and astroparticle physics, the reader is referred to Appendix A. Furthermore, Appendix B outlines some basic nomenclature of particle physics that is
relevant to this thesis.

1.1. The High-Energy Multimessenger Connection

1.1
1.1.1
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The High-Energy Multimessenger Connection
Cosmic Rays and their Origin

Energy Spectrum
At the lowest energies, below about 10 GeV, cosmic rays (CRs) originate from within
the heliosphere [14], which is the region in space under direct influence of the solar
magnetic field. However, the cosmic rays of interest to this work are those with energies (many times) higher than 10 GeV, which find their origin somewhere outside
the Solar System. Observations of these extrasolar cosmic rays cover a vast energy
range, from 10 GeV up to more than 1011 GeV, between which the flux of cosmic
rays decreases by more than 30 orders of magnitude. Direct detection of cosmic rays
is only feasible up to roughly 100 TeV using satellite experiments such as the Alpha
Magnetic Spectrometer (AMS) onboard the International Space Station (ISS) [17]. At
energies above 100 TeV, the flux of cosmic rays becomes so low that they can only be
detected indirectly using ground-based observatories with large detection areas.5
Ground-based experiments exploit the fact that Earth’s atmosphere acts as a
calorimeter for cosmic rays. When a primary cosmic ray penetrates the atmosphere,
it will interact with an air molecule and induce a hadronic particle cascade of up to
109 secondary particles, which is known as an extensive air shower (see Figure 1.1).
By measuring the particle footprint of the air shower, as done in for example IceTop
[18] (see also Section 3.1) and the surface detectors of both the Pierre Auger Observatory [19] and the Telescope Array [20], one can infer the direction, energy, and
composition of the primary cosmic ray. The latter two experiments also use their
surface detectors in hybrid with fluorescence detectors [19, 21]—which observe the
air shower’s longitudinal development—to obtain refined measurements of the primary cosmic-ray energy and direction. Alternatively, the properties of the primary
cosmic ray can be measured through the detection of radio waves emitted by the air
shower, as done in e.g. AERA [22] and LOFAR [23].
The observed energy spectrum of cosmic rays above 10 TeV is shown in Figure 1.2, which combines data from various ground-based experiments as reviewed
in [14]. Note that we observe a diffuse flux of cosmic rays, i.e. they have an isotropic
distribution on the sky (except at the highest energies, see below). This diffusion is
due to (inter)galactic magnetic fields that deflect cosmic rays on their trajectory to
Earth. The observed cosmic-ray flux is well-described by a falling power law as a
−γ
function of energy, ΦCR (ECR ) ∝ ECR with a spectral index γ ≈ 2.7, up to ∼3 × 1015 eV
[14]. At this energy, several breaks start to emerge in the spectrum; see [24–27] for
more detailed discussions. The first spectral break, called the “knee,” is observed
at ∼3 × 1015 eV, where the spectrum steepens (γ ≈ 3.1). A second steepening is observed at ∼2 × 1017 eV, called the “second knee,” where the spectral index takes a
value γ ≈ 3.3 until reaching the “ankle” at ∼5 × 1018 eV. At this point, the spectrum
hardens (γ ≈ 2.5) until reaching a cutoff around ∼5 × 1019 eV, after which statistics rapidly become scarce.6 Cosmic rays with energies exceeding 1018 eV are also
5 The cosmic-ray particle flux at 100 GeV is roughly 1 particle m−2 s−1 , which can be targeted by
satellite detectors with collection areas of O(1 m2 ). At 1015 eV, the particle flux decreases to about 1
particle m−2 yr−1 , such that ground-based experiments targeting these energies have a detection area
of O(1 km2 ). At 1018 eV, the particle flux decreases further to approximately 1 particle km−2 yr−1 ,
and ground-based experiments targeting ultra-high energies therefore cover an area of O(1000 km2 ).

6 Recent studies [28–30] have found more detailed structures in the anatomy of the cosmic-ray
spectrum. Between the knee and second knee, a “low-energy ankle” is observed around ∼3 × 1016 eV,

where γ ≈ 2.9. Between the ankle and the suppression at the highest energies, an “instep” is observed
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Figure 1.2: Cosmic-ray energy spectrum showing data from a variety of groundbased experiments, taken from [14]. The steeply falling particle flux F(E), shown as
a function of energy E, is scaled with E 2.6 in order to highlight the features of the
observed broken power-law spectrum, which cuts off at the highest energies. The
knee, second knee, and ankle represent the breaks in the spectrum.

known as ultra-high-energy cosmic rays (UHECRs; see [31] for a detailed review).
To this day, the most energetic UHECR observation dates from 1991, when the Fly’s
Eye experiment measured the “Oh-My-God particle” at an energy of (3.2±0.9)×1020
eV [32].
Source Constraints
Up to the knee, cosmic rays are most likely of galactic origin and thought to be
produced in supernova remnants (SNRs) [33, 34]. After they are accelerated, galactic cosmic rays mostly diffuse within the Milky Way, since they are confined by its
magnetic field. Furthermore, measurements of the cosmic-ray composition indicate
that before the spectral break of the knee, cosmic rays are predominantly protons
[35, 36]. Towards the second knee, however, the average cosmic-ray composition
shifts more towards iron7 [35,36], which can be confined up to higher energies—see
also Equation (1.1) later on. A possible interpretation for the knee and second knee
is that they correspond to the maximum energies up to which SNRs can accelerate
protons and iron nuclei, respectively [33, 34].
The flattening of the cosmic-ray spectrum around the ankle reveals the appearance of a new type of sources capable of accelerating UHECRs. Since UHECRs cannot be contained by the magnetic field of the Milky Way, their sources are most likely
extragalactic [33,34]. This is consistent with an anisotropy study of the observed diffuse UHECR flux above 2×1019 eV, which disfavors a fully isotropic UHECR sky [38].
at ∼1 × 1019 eV, where γ ≈ 3.0. After the suppression, the spectrum can be described with a spectral
index γ ≈ 5.3.
7 Since iron has the largest nuclear binding energy [14], fusing iron nuclei to create heavier elements is not energetically efficient. Consequently, star fusion only produces elements up to iron [37].
After the death of a star, these elements are expelled into the interstellar medium, where they can be
accelerated in a cataclysmic event to become the cosmic rays we see on Earth.
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Evidence of a 10%-scale anisotropy is presented in [38], which has been associated
to the locations of nearby (mostly within 25 Mpc) starburst galaxies.8 The region
between the second knee and the ankle is poorly understood, although it might be
interpreted as a transition from galactic to extragalactic sources [41, 42]. Around
the ankle, the cosmic-ray composition is again more proton-like, and measurements
at the highest energies suggest that the average composition trends towards heavier
elements closer to the spectral cutoff [43, 44]. As discussed in [45], this trend in the
UHECR composition might indicate that their sources become exhausted, i.e. they
have reached their maximum acceleration limit.
Above roughly 6×1019 eV, the Universe becomes opaque to UHECRs. At this energy, protons start to interact with cosmic microwave background (CMB) photons—
the omnipresent relic radiation of the Big Bang [46]—via the ∆ resonance (see Section 1.1.2). This is called the GZK effect [47, 48]—named after Greisen, Zatsepin,
and Kuzmin—and it reduces the mean free path of the most energetic UHECRs to
less than 50 Mpc. Heavier nuclei are also expected to interact with the CMB, causing them to photodisintegrate [49], i.e. their constituent nucleons are torn apart.
Whether the cutoff at the end of the cosmic-ray spectrum is influenced by the GZK
effect or solely caused by the limiting power of astrophysical sources remains uncertain. The detection of ultra-high-energy neutrinos produced via the GZK effect
could resolve this ambiguity, as discussed in Section 1.4.
Although cosmic rays are deflected by magnetic fields and therefore do not point
back to their origin, one can impose a general condition on their sources with the
following argument. In order to be accelerated, cosmic rays need to be confined to
their source environment by a magnetic field with strength B. Under the assumption
of a uniform magnetic field, the maximal energy up to which a cosmic ray can be
accelerated corresponds to the point where its gyroradius roughly equals the characteristic size R of the accelerator. As such, one obtains the so-called Hillas criterion
[50, 51],
ECR,max ∼ βc Ze B R.
(1.1)

Here, Z is the atomic number of the cosmic ray (Ze is its charge) and β = v/c is the
bulk velocity of the accelerator medium, discussed below. The Hillas criterion therefore gives an indication of the astrophysical environments that could confine cosmic
rays up to a given energy, as shown in Figure 1.3. Furthermore, the maximum confinement energy of heavier nuclei (Z = 26 for e.g. iron) is higher than that of protons
(Z = 1), such that the former can thus be accelerated to higher energies. Note that
the Hillas criterion only allows us to identify sources with the right conditions for
cosmic-ray acceleration, but it does not imply that such acceleration actually takes
place in these sources.

8 Since UHECRs have such high energies, their deflection by magnetic fields can be relatively small,

even . 1° in some cases [39]. Furthermore, only a few bright sources are expected to dominate the
UHECR flux above 6 × 1019 eV due to the GZK effect [40]. Hence, with enough statistics, UHECRs are
expected to cluster around the locations of their nearby sources on the sky, as discussed in [38].
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Figure 1.3: A rendition of the so-called Hillas plot for a proton (Z = 1) and a relativistic shock with velocity β = 1, adapted from [52]. Note that the scales are logarithmic.
The diagonal dashed lines correspond to the Hillas criterion of Equation (1.1) for the
characteristic source size R (1 AU = 1.500 × 1011 m; 1 pc = 3.262 ly = 3.086 × 1016 m;
cH0−1 = 1.365 × 1020 m) and magnetic field B (1 G = 10−4 T) at fixed maximum proton energies corresponding to the knee, ankle, and GZK cutoff (see text and Figure 1.2). The blue circles and squares indicate the typical values of R and B for
different astrophysical environments that could host cosmic-ray acceleration sites;
the Large Hadron Collider (LHC; green circle) is also shown for reference.

Acceleration Mechanisms
The exact mechanism responsible for the acceleration of cosmic rays is still a matter
of active research (see [31] and references therein). The distinct power-law characteristics of the cosmic-ray spectrum indicate that their acceleration cannot occur via
purely thermal processes [33]. Moreover, high-energy astrophysical environments
are typically ionized plasmas, which cannot sustain electrostatic fields due to the
movement of free charges [34]. Instead, it is the bulk motion (β) of these plasmas
and their magnetic fields (B) that induce the electric fields (−β × B) required to accelerate charged particles [31]. Such a bulk motion can occur in the form of a shock,
i.e. a discontinuity in the plasma that propagates through the interstellar medium
at a speed β = v/c larger than the ambient speed of sound [53, 54].
Astrophysical shocks are thought to accelerate particles via the first order Fermi
mechanism [55], in a process known as diffuse shock acceleration. A detailed description of this mechanism falls outside the scope of this work; see e.g. [51, 56–60]
for more details. The main idea behind first order Fermi acceleration is that scattering of charged particles allows them to cross the shock front multiple times, thereby
gradually gaining energy. In each crossing, the particles have a fixed fractional energy gain proportional to the shock velocity,
∆E
∝ β.
E

(1.2)
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Since both the probability for a particle to cross the shock and its fractional energy
gain are independent of the particle energy E, i.e. the system is scale-free, diffuse
shock acceleration naturally yields a power-law spectrum [61]. For non-relativistic
shocks (β  1) [53], the spectrum is given by
dN
∝ E −2 .
dE

(1.3)

Non-relativistic shocks are found to accelerate particles in e.g. supernova remnants
(SNRs) [62], which are thought to be the sources of galactic cosmic rays, as mentioned previously.9 UHECRs, however, are believed to be accelerated in relativistic shocks (β ≈ 1) [54], where the first order Fermi mechanism still yields a power
law, although the spectral index may vary from γ = 2 [58]. Examples of sources
that could accelerate UHECRs in relativistic shocks are active galactic nuclei (AGN),
blazars, gamma-ray bursts (GRBs), and starburst galaxies, as indicated in Figure 1.3
(see also Section 1.3.1).

1.1.2

From Cosmic Rays to Gamma Rays and Neutrinos

To identify the yet unknown sources of cosmic rays and UHECRs in particular, we
can exploit the fact that a fraction of cosmic rays will interact within their source
environment before being able to escape. One possibility is that the cosmic rays—
which for the remainder of this work will implicitly be assumed to be protons (p),
as the extrapolation to heavier nuclei is relatively straightforward since they undergo the same interactions—interact with ambient radiation via a photohadronic
(pγ) interaction [63]. This becomes possible once the proton energy Ep exceeds the
threshold required to produce a ∆+ baryon via the ∆-resonance, illustrated in Panel
(a) of Figure 1.4. For ultraviolet (UV) photons with an energy Eγ ∼ 10 eV, emitted
by e.g. stars, this threshold energy is Ep ∼ 1016 eV [64], whereas for CMB photons
(Eγ ∼ 0.6 meV), the threshold energy is Ep ∼ 6 × 1019 eV (i.e. the GZK threshold discussed in Section 1.1.1). Another possibility is that a cosmic ray interacts with ambient matter—also assumed to be protons for simplicity—via inelastic hadronuclear
(pp) interactions [65]. In contrast to pγ-interactions, no high-energy threshold is
required for inelastic pp-collisions; in the rest frame of the target matter, inelastic
pp-interactions can occur for cosmic-ray energies Ep & 1.2 GeV. This is illustrated in
Panel (b) of Figure 1.4, which also shows that the cross section for pp-interactions is
generally a factor 100 larger than the cross section for pγ-interactions.
The hadronic interactions described above will produce secondary baryons10
and mesons, which are mostly pions.11 The decay modes of charged (π± ) and neutral

9 The fact that the observed cosmic-ray spectrum up to the knee, E −2.7 , is softer than the expected
CR
−2 can be understood by considering that cosmic rays have a probability to escape the Milky Way.
ECR
Such “leaky-box models” find that this leads to an overall softening of the galactic cosmic-ray spectrum
consistent with observations [33].
10 These secondary baryons are typically protons and neutrons. Neutrons will eventually decay
via n → p e− ν e , thus producing an antineutrino but with a lower energy compared to those of Equation (1.4). See e.g. [66, 67] for concrete examples.
11 In pp-interactions, roughly 80% of the mesons are expected to be pions, and most of the remaining
20% are attributed to kaons [68]. In pγ-interactions, the kaon-to-pion ratio is expected to lie between
roughly 0.01–0.1% [63].
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Figure 52.11: Total and elastic cross
for γγ
Λp, total cross section for Σ − p, and total
(a)sections
pγ and
10
52. Plots of Cross
Sections
and Related Quantities
hadronic cross sections for γd, γp, and γγ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

21st May, 2020

7:49pm

(b) pp
Figure 1.4: Total cross sections of proton-proton (pp), proton-photon (pγ),
and
√
photon-photon (γγ) interactions as a function of the center-of-mass energy s, taken
from [14]. Note that 1 mb = 10−27 cm2 . Panel (a) shows the total cross sections for
pγ and γγ-interactions (γd-processes are not of relevance
to this work). The ∆√
resonance for pγ-interactions corresponds to peak at s = m∆ = 1.23 GeV. Panel (b)
shows the cross section for pp-collisions, indicating both the elastic and inelastic
contributions. The pγ and pp cross sections are also shown as a function of the momentum plab of the beam particles—photons (Eγ = plab c) and protons (Ep ≈ plab c at
cosmic-ray energies) in Panels (a) and (b), respectively—shot at a proton target in the
lab frame.

Figure 52.6: Total and elastic cross sections for pp and pp collisions as a function of laboratory
beam momentum and total center-of-mass energy. σel is computed using the nuclear part of the
elastic scattering amplitude [126]. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

21st May, 2020

7:49pm

9

1.1. The High-Energy Multimessenger Connection
pions (π0 ) lead to the production of neutrinos and gamma rays, respectively [14]:
π+ −→ µ+ νµ −→ e+ νe ν µ νµ ,

π− −→ µ− ν µ −→ e− ν e νµ ν µ ,

(1.4)

π0 −→ γ γ.

The electrons and positrons are expected to interact electromagnetically within their
source environment and are of no further interest here. However, the gamma rays
and neutrinos are capable of escaping the source environments with roughly 10%
and 5% of the original cosmic-ray energy, respectively, i.e. Eν ∼ Eγ /2 ∼ Ep /20 [69,70].
The ratio of charged to neutral pions, Kπ ≡ Nπ± /Nπ0 with Nπ± ≡ Nπ+ + Nπ− , depends on the type of hadronic interaction. For pp-interactions, Kπ ≈ 2 [65], while for
pγ-interactions this ratio lies in the range 1 . Kπ . 3/2 [63]. This ratio directly influences the relation between the gamma-ray and neutrino fluxes of a source, as well
as the neutrino (and antineutrino) flavor composition. In addition, π+ are created
in equal abundance to π− in pp-interactions [65], whereas pγ-interactions predominantly produce π+ , i.e. Nπ± ≈ Nπ+ [63]. This on its turn affects the ratio of neutrinos
to antineutrinos. The flavor ratio and particle-antiparticle ratio at the source influence the corresponding ratios that we observe at Earth, which are subject to neutrino
oscillations. More on this topic in Section 1.2.2.
Since neither gamma rays nor neutrinos possess an electric charge, they are not
deflected by magnetic fields and thus point back to their source when observed at
Earth. However, gamma rays, in contrast to neutrinos, are not uniquely produced
in hadronic processes. They can also be produced leptonically via for example inverse Compton scattering.12 Moreover, gamma rays can be attenuated by matter and
radiation on their trajectory, whereas neutrinos travel through the Universe without interacting.13 Consequently, neutrinos are the ideal smoking-gun signature of
cosmic-ray sources, particularly when combined with gamma rays in multimessenger studies. Astrophysical neutrinos are the main cosmic messenger of interest to
this work, such that detailed discussions about their observations and candidate
sources are reserved for Sections 1.2 and 1.3. In the upcoming Section 1.1.3, the
observations of gamma rays will be explored briefly.

1.1.3

Gamma-Ray Observations

Gamma rays refer to all photons with energies Eγ > 100 keV. Up to several 100 GeV,
observations of the gamma-ray sky are performed using direct detection techniques,
using satellite experiments such as INTEGRAL [71], AGILE [72], and the Large Area
Telescope (LAT) as part of the Fermi mission [73].14 Similarly to cosmic rays, the low
flux of very-high-energy (VHE) gamma rays, 100 GeV ≤ Eγ < 100 TeV, and ultrahigh-energy (UHE) gamma rays, Eγ ≥ 100 TeV, require us to resort to indirect detection methods using ground-based observatories. However, in contrast to cosmic-ray
air showers, which also have a hadronic component, the particle showers induced
12 In such a process, a high-energy electron scatters off an ambient low-energy photon, boosting it

to gamma-ray energies [34].
13 Of course, there is a probability that a neutrino interacts with matter, because otherwise we would
not be able to observe them. However, as discussed in Section 3.1.1, this probability is very small.
Hence, astrophysical neutrinos propagate through the Universe quasi unharmed, but it also makes
their detection a challenging feat.
14 The Fermi satellite also hosts the Gamma-Ray Burst Monitor (GBM) [74] specifically dedicated to
observations of GRBs.
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by gamma rays are purely electromagnetic (that is, they consist solely of photons,
electrons, and positrons). One possible detection method is to measure the particle footprint of these electromagnetic showers with experiments such as HAWC [75]
and LHAASO [76], which recently reported the first ever detection of PeV gamma
rays [77]. Alternatively, the optical Cherenkov emission of the shower (see also Section 3.1.1) can be observed using imaging air Cherenkov telescopes (IACTs) such as
HESS [78], MAGIC [79], and VERITAS [80].
Above Eγ & 1 TeV, the Universe becomes opaque to gamma rays. At these energies, gamma rays can interact with ambient photons of the CMB or the extragalactic
background light (EBL)—the cumulative emission of radiation from galaxies across
the complete electromagnetic spectrum—reducing their mean free path to less than
100 Mpc [81, 82]. These γγ-interactions (see Figure 1.4 for their cross section) induce electromagnetic cascades, from which new gamma rays emerge but with lower
energies. Hence, the GeV gamma-ray sky is more adequate to study extragalactic
cosmic-ray sources, such that the focus here will lie exclusively on Fermi-LAT observations. Recall, however, that gamma rays are not unique signatures of hadronic
acceleration, and that they can also be attenuated by matter and radiation at their
source (see also Section 1.3.3).
As shown in Figure 1.5, most of the observed gamma-ray emission between 10
GeV and 2 TeV originates from within the Milky Way. In order to obtain the cumulative gamma-ray emission of extragalactic sources, known as the extragalactic
gamma-ray background (EGB), the contribution from galactic foreground needs to
be subtracted. Figure 1.6 shows the energy spectrum of the EGB between 100 MeV
and 820 GeV obtained in [83], which consists of two major contributions. The first
contribution is due to resolved gamma-ray sources. The second contribution to the
EGB is called the diffuse isotropic gamma-ray background (IGRB), which on its turn
can be split in two components. Firstly, the IGRB consists of the gamma-ray emission of unresolved sources. Secondly, the IGRB includes a truly diffuse component
of gamma rays cascading down to lower energies due to the aforementioned interactions with the CMB and EBL.

Figure 1.5: Gamma-ray skymap observed by Fermi-LAT with 7 years of data, taken
from [84]. The skymap is presented in galactic coordinates, and the logarithmic color
scale is in units of counts per pixel with size 0.1° × 0.1°. The structures seemingly
emerging from the Galactic Center are also known as the Fermi bubbles.
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Figure 1.6: The energy spectrum of extragalactic gamma rays as observed with 4.2
years of Fermi-LAT data, taken from [83]. Yellow non-filled data points represent the
measurements of the total extragalactic gamma-ray background (EGB), whereas the
red filled data points are the observations of the isotropic gamma-ray background
(IGRB). The corresponding bands indicate the systematic uncertainties due to galactic foreground models. The gray filled band estimates the contribution of resolved
gamma-ray sources with a galactic latitude |b| > 20°. The blue dashed band indicates
IGRB measurements from a previous study [85].

Both the total EGB and IGRB fluxes can be characterized by a power law with an
exponential cutoff of the form [83]
Φγ (Eγ ) ∝

Eγ
100 MeV

!−Γ

exp −

Eγ
Ecut

!
.

(1.5)

As already evident from Figure 1.6, the spectral shapes of the EGB and IGRB are
compatible with each other; their respective power-law spectral indices are ΓEGB =
2.31 ± 0.02 and ΓIGRB = 2.32 ± 0.02, and their exponential cutoffs are Ecut,EGB =
(362 ± 64) GeV and Ecut,IGRB = (279 ± 52) GeV, respectively. The power-law spectrum reflects the non-thermal origin of the observed gamma-ray emission, while the
cutoff corresponds to the point where γγ-interactions with the CMB and EBL start
to significantly attenuate the gamma-ray flux.
Resolved Fermi-LAT sources between 50 MeV and 1 TeV can be found in the
4FGL catalog [86,87], whereas the 3FHL catalog [84] specifically targets hard gammaray sources with energies between 10 GeV and 2 TeV. In both the 4FGL and 3FHL
catalogs, most of the resolved extragalactic sources are blazars, which are active
galactic nuclei (AGN; see Section 2.1.2) with a relativistic particle jet pointed towards Earth. Blazars therefore dominate the resolved EGB and are also expected
to be the main contributors to the IGRB; the estimated blazar contribution to the
total EGB is 86+16
−14 %, while secondary contributions are expected from misaligned
gamma-ray AGN and star-forming galaxies [83]. Searches for high-energy neutrinos
from resolved blazars in the 2LAC catalog [88]—a predecessor of the most recent
4LAC catalog which specifically targets gamma-ray AGN [89]—have constrained the
pionic gamma-ray emission from these objects [90] (see Section 1.3.4 for more details). This result suggests that a significant fraction of the extragalactic gamma-ray
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emission is of leptonic origin. Current observations of gamma rays on their own
are therefore not sufficient to pinpoint cosmic-ray sources, although they play an
important role in multimessenger studies, as discussed in Section 1.3.

1.2

Diffuse Observations of High-Energy Cosmic Neutrinos

The main cosmic messengers of relevance to this work are high-energy astrophysical neutrinos, also known as cosmic neutrinos,15 in the TeV–PeV range. As mentioned previously, the unique characteristics of the neutrino—chargeless and not attenuated by matter or radiation—make them ideal to study and identify cosmic-ray
sources. To this date, high-energy astrophysical neutrinos have only been observed
and characterized by the 1-km3 IceCube Neutrino Observatory at the South Pole.
Consequently, the remainder of this review Chapter will primarily be focused on
IceCube results.
The IceCube experiment is extensively described in Chapter 3, although some
introduction is required here for the upcoming discussions. IceCube is an in-ice
optical-Cherenkov telescope sensitive to neutrinos with energies between 100 GeV
and 10 PeV. Cherenkov radiation is emitted by secondary particles produced in
charged-current (CC) or neutral-current (NC) interactions of neutrinos with the ice
or underlying bedrock. The Cherenkov patterns in the detector can be classified
into two major topologies, i.e. tracks, which are characteristic for νµ interacting via
the CC channel, and single cascades, which are produced in CC interactions of νe
and ντ and NC interactions of all flavors. At the highest energies, however, ντ can
produce double cascades via the CC channel. Since IceCube cannot distinguish astrophysical neutrinos from antineutrinos (except in a very specific case, discussed
in Section 1.2.1), the term “neutrino” generally refers to both henceforth.
Tracks have an elongated topology and therefore a good angular resolution (.1°
above 1 TeV), such that they are most adequate for neutrino-source studies (Section 1.3). However, they are typically not contained within the detector volume,
such that the neutrino energy resolution obtained with tracks is poor (roughly a
decade in energy). Cascades, on the other hand, have a rather spherical topology,
thus resulting in a poor angular resolution (&8°). Nevertheless, they are typically
contained within the detector volume, resulting in a neutrino energy resolution of
&15%. Note that this value corresponds to the resolution of the deposited energy in
IceCube, a quantity that is also quoted in terms of the equivalent deposited charge,
which has units of detected photoelectrons (PE).
Most of the detection rate in IceCube—each individual detection is called an
event—is due to atmospheric muons (2.7 kHz) and atmospheric neutrinos (of the
order of a few mHz), which are both produced in cosmic-ray air showers. Atmospheric muons only reach IceCube from the Southern Hemisphere, whereas atmospheric neutrinos form a background over the full sky. Note that atmospheric muons
traversing the detector are characterized by (downgoing) track signatures. One of
the main challenges in the study of astrophysical neutrinos (which have a detection
rate of the order of a few µHz) is to reduce the overwhelming atmospheric background, as discussed in the following.

15 Cosmic neutrinos should not be confused with cosmogenic neutrinos, which are produced via the

GZK effect. See Section 1.4 for more details.
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Energy Spectrum of the Diffuse Neutrino Sky

List of Diffuse IceCube Analyses
The diffuse high-energy astrophysical neutrino flux has been measured in several
independent IceCube studies, which apply different strategies to reduce the overwhelming atmospheric-muon background. Atmospheric neutrinos, however, form
an irreducible background, although they have a relatively soft energy spectrum
(Eν−3.7 ). Consequently, diffuse analyses typically target energies Eν & 10 TeV, where
the harder astrophysical neutrino spectrum becomes distinguishable from the atmospheric neutrino background. Below, a short description is given of the different
analyses that contribute to the diffuse observations:
• High-Energy Starting Events (HESE) [91]. The HESE analysis focuses on
high-energy events (with a total deposited charge Qtot > 6,000 PE) with a neutrino interaction vertex that lies well within the detector volume. To achieve
this, the outer parts of IceCube are used as a veto layer, which efficiently rejects
atmospheric muons. The resulting event selection (starting tracks and contained cascades) spans 7.5 years of data between 2010–2017, covers the whole
sky, and contains astrophysical neutrinos of all flavors with Eν > 60 TeV. The
7.5-yr HESE measurements are shown in Panel (a) of Figure 1.7. Note that the
original HESE analysis using 3 years of data was the one that lead to the discovery of astrophysical neutrinos in 2013, where a background-only scenario
was already rejected with a significance of16 5.7σ [7, 8].
• Throughgoing tracks [92]. This analysis focuses exclusively on track-like
events in the Northern Sky, where there is no background contamination of
atmospheric muons. The benefit of using tracks is that the effective volume of
IceCube is larger for this type of events, since the neutrino interaction vertex
does not need to be inside the instrumented volume for a track to go through
IceCube. Consequently, a relatively large number of events can be collected for
the analysis.17 Panel (b) of Figure 1.7 shows the corresponding astrophysical
muon neutrino observations for Eν > 15 TeV in 9.5 years of data between 2009–
2018. This analysis rejects a background-only scenario with a significance of
5.6σ .
• Cascades [93]. To target astrophysical electron and tau neutrinos, this analysis solely considers cascades recorded over the full sky between 2010–2015.
These cascades can also be partially contained in the detector volume, which
increases statistics significantly and is also one of the main distinctions compared to other studies. Furthermore, atmospheric muons, which generally produce tracks in IceCube, can be excluded based on their topology. Moreover,
machine-learning techniques allow to reduce this background significantly
down to energies below 10 TeV. The 6-yr all-sky astrophysical cascade measurements reject a background-only hypothesis at a 9.9σ significance level,
and they are shown in Panel (c) of Figure 1.7.
16 In (astro)particle physics, a ≥ 3σ significance—corresponding to (one-sided) p-value p ≤ 2.70 ×
−3
10 —is regarded as evidence, whereas a ≥ 5σ significance (p ≤ 5.73 × 10−7 ) is required to claim a

discovery. Note that the p-value corresponds to the probability that an observation is consistent with
the background hypothesis. More on this topic in Chapter 4.
17 To compare, the 9.5-yr northern-track sample contains about 650,000 events, whereas the 7.5-yr
HESE sample contains 102 events, of which only 60 have an energy exceeding 60 TeV. Note that HESE
events are given nicknames based on characters of the Sesame Street series.
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Figure 1.7: Energy spectra of diffuse high-energy astrophysical neutrinos as measured by IceCube, showing the scaled per-flavor flux Eν2 Φν` +ν ` as a function of neutrino energy Eν . Each panel corresponds with an independent IceCube analysis (see
text for more details). A flavor ratio (νe : νµ : ντ )E = (1 : 1 : 1) at Earth is assumed
to compute per-flavor fluxes for all analyses that are sensitive to multiple neutrino
flavors ` ∈ {e, µ, τ}. The lines indicate the best fits to the IceCube data under an unbroken power-law assumption, and the “butterfly” bands represent the corresponding
±68% confidence regions. Note that the lines do not represent fits through the data
points, which are differential measurements of the diffuse neutrino flux.
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• Inelasticity [94]. The event selection for this analysis consists of mediumenergy starting events (MESE) of all neutrino flavors, and is optimized to study
the inelasticity of neutrino interactions with matter (see also Section 3.1.1).
The main differences w.r.t. the HESE sample is that more relaxed energy cuts
are applied (the total charge cut depends on the charge deposition in the first 3
µs of the event), and that the veto layer is scaled depending on the event energy
[97]. As such, this event selection can target cascades and starting tracks down
to TeV energies. Panel (d) of Figure 1.7 shows the corresponding astrophysical
diffuse-flux measurements using 5 years of all-sky data recorded in the 2011–
2016 period.
• Combined analysis [95]. In this study, the various samples described above
are combined between 2008–2013 to perform one global fit to the data including all flavors. The 5-yr combined results of the diffuse astrophysical neutrino
flux cover the full sky and are presented in Panel (e) of Figure 1.7.
Diffuse Neutrino Spectra
Practically, in order to obtain diffuse measurements, the above analyses test different
hypotheses of the astrophysical neutrino spectrum by fitting several flux models to
the IceCube data. These models range from (un)broken power laws with(out) a highenergy exponential cutoff to more elaborate spectral shapes motivated by theoretical
predictions (see e.g. [91] for an overview). However, to this date, no model is favored
w.r.t. the most simple scenario, i.e. an unbroken power law without an exponential
cutoff. Consequently, the following discussion will mostly focus on these unbroken
power-law fits.
The unbroken power-law parameterization of a per-flavor diffuse astrophysical
neutrino flux is given by (see Appendix A for the implied notation)
Φν` +ν ` = φ0



Eν
100 TeV

−γ

× 10−18 GeV−1 cm−2 s−1 sr−1 ,

(1.6)

where the flux normalization φ0 and spectral index γ are fit parameters, and the
flavor is denoted by ` ∈ {e, µ, τ}. A per-flavor flux is related to the all-flavor neutrino
P
flux as Φall ≡ ` f` Φν` +ν ` , where f` represents the corresponding flavor ratio, with
P
` f` ≡ 1. As discussed in Section 1.2.2, current IceCube observations are consistent
with flavor equipartition, such that diffuse fits generally set f` = 1/3 for all `. This
is of particular relevance for analyses sensitive to multiple flavors, since they in fact
measure the combined contribution of these flavors. Table 1.1 summarizes the fit
parameters of the unbroken power-law measurements performed with the different
IceCube analyses described above, which are also shown in Figure 1.8 (with the exception of the combined fit). The corresponding spectra are visualized in Figure 1.7.
As shown in Figure 1.8, the various unbroken power-law measurements are consistent with each other within 2σ (95% confidence level). It is worth noting, however, that there is a rather large spread in spectral-index observations. The throughgoing track analysis yields the hardest spectral index (γ ≈ 2.37), while the HESE
analysis measures the softest value (γ ≈ 2.87). At this point in time, it is not completely clear whether this is due to some underlying physics, or a consequence of the
distinct methods applied by the different analyses (also in e.g. the treatment of systematic uncertainties). In any case, the most complete measurement is the combined
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IceCube analysis

Sky coverage Flavor Eν -range [TeV]

HESE (7.5 yr) [91]

N+S

e, µ, τ

60–2,500

TT (9.5 yr) [92]

N

µ

40–3,500

C (6 yr) [93]

N+S

e, τ

16–2,600

Inelasticity (5 yr) [94]

N+S

e, µ, τ

3.5–2,600

Combined (5 yr) [95]

N+S

e, µ, τ

25–2,800

φ0

γ

+0.20
2.12+0.49
−0.54 2.87−0.19

+0.09
1.44+0.25
−0.26 2.37−0.09

+0.07
1.66+0.25
−0.27 2.53−0.07

+0.07
2.04+0.23
−0.21 2.62−0.07

+0.37
2.23−0.40
2.50+0.09
−0.09

Table 1.1: Summary of the diffuse IceCube analyses, where TT and C stand for
throughgoing tracks and cascades, respectively. The respective sky coverage is
indicated—where N is Northern Sky and S is Southern Sky—as well as the neutrino
flavors to which an analysis is sensitive. The three rightmost columns correspond to
the unbroken power-law fits of the astrophysical neutrino flux. The sensitive energy
range of the fit is specified, while φ0 and γ are defined in Equation (1.6) as the flux
normalization at Eν = 100 TeV and the power-law spectral index, respectively.

Figure 1.8: Parameter space of the fitted single power-law (SPL) models to the diffuse
astrophysical neutrino flux, taken from [92]. The fit parameters are the neutrino flux
at 100 TeV and the spectral index of the power law. The stars indicate the best-fit
values, while the dash-dotted and dashed lines are the contours at 68% and 95%
confidence level, respectively. The IceCube measurements correspond to those in
Table 1.1. The fit by ANTARES—a 0.01-km3 neutrino telescope in the Mediterranean
Sea—is shown for reference, although it only corresponds to a mild 1.8σ excess above
the atmospheric background [98].
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global fit, which takes into account all events selections and yields γ ≈ 2.5. However, this global measurement is becoming outdated; efforts are currently underway
to perform an updated combined fit in the near future [99].
In addition to unbroken power-law fits, one can also perform differential flux
measurements18 of diffuse astrophysical neutrinos, which are the least dependent
on a spectral model compared to other fits. Such analyses apply a segmented-fit
technique, by splitting their sensitive energy range into bins with a width that depends on the typical energy resolution of the events, which is better for cascades
than for tracks. In each bin, Equation (1.6) is fit but with the spectral index fixed
to γ = 2.0, yielding a measurement (or upper limit) of the neutrino flux in that specific bin. Figure 1.7 shows the differential measurements of the diffuse analyses
described above.
HESE Skymap of Astrophysical Neutrinos
The diffuse neutrino observations are consistent with an isotropic flux. A simple
point-source search was performed using the HESE sample, which has a high purity of astrophysical events. This search used similar techniques to those described
in Chapter 4, by essentially testing if the HESE events cluster in some position on
the sky. The corresponding HESE skymap, which can be regarded as our current
picture of the neutrino sky above 60 TeV, is shown in Figure 1.9. No evidence is
found for event clustering, and the HESE data is thus consistent with an isotropic
measurement of the diffuse astrophysical neutrino flux.

Figure 1.9: High-energy neutrino sky observed with the IceCube HESE sample,
taken from [91]. The skymap is shown in equatorial coordinates, and the gray line
(resp. dot) indicates the Galactic Plane (resp. Galactic Center). The color scale represents a test statistic (TS) that tests for clustering of HESE events on the sky compatible with a point source. No significant TS excesses are observed, and the skymap is
consistent with an isotropic neutrino sky.

18 Note that the diffuse cosmic-ray and gamma-ray fluxes of Figures 1.2 and 1.6 are also differential

measurements. See Section 5.1.3 for a more elaborate discussion on the computation of differential
fluxes in the context of an IceCube analysis.
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First Event at the Glashow Resonance
At an energy of 6.3 PeV, a ν e becomes capable of producing an on-shell W − boson
via a CC interaction with an atomic electron, which is called the Glashow resonance. This process is expected to dominate the overall (anti)neutrino cross section
at 6.3 PeV (Section 3.1.1), and thus allows for a measurement of the astrophyscial
neutrino-to-antineutrino ratio. A recent study presented the first detection of a cascade, informally known as Gargantua, at the Glashow resonance in 4.6 years of
IceCube data19 [96]. With a deposited energy of 6.05 ± 0.72 PeV, Gargantua is the
most energetic event observed in IceCube, with a ∼5σ significance for being of astrophysical origin. Moreover, the event is compatible with Eν = 6.3 PeV after taking
into account the expected energy of shower particles that do not radiate Cherenkov
emission. For an Eν−2.49 astrophysical neutrino flux, the significance of Gargantua
being a Glashow event is 2.3σ . In any case, under the assumption that neutrinos
and antineutrinos are observed in equal amounts, the Gargantua event allows us
to extend the spectrum of the astrophysical neutrinos up to 6.3 PeV. This result is
shown in Panel (f) of Figure 1.7.

1.2.2

Flavor Composition of High-Energy Astrophysical Neutrinos

Neutrino Oscillations over Astrophysical Scales
The existence of neutrino oscillations was confirmed in 1998 using atmosphericneutrino observations with the Super-Kamiokande experiment [100]. It provides
incontrovertible evidence that they have a non-zero (albeit small) mass, which cannot be explained by the Standard Model of particle physics [14]. IceCube provides
a unique opportunity to study neutrino oscillations at TeV–PeV energies over astronomical distances by observing the flavor ratios of high-energy astrophysical neutrinos. For the following discussion, only a very brief outline is given on neutrino
oscillations, as a detailed description falls beyond the scope of this thesis. Moreover,
only the case of the three Standard-Model flavors ` ∈ {e, µ, τ} will be considered. For
a review of neutrino oscillations and non-standard neutrino interactions, see [101].
Neutrinos are observed in so-called flavor eigenstates |ν` i which at a given point
in time are related to the mass eigenstates |νj i, j ∈ {1, 2, 3}, via
|ν` i =

3
X
j=1

U`j |νj i.

(1.7)

Here, the so-called PMNS (Pontecorvo–Maki–Nakagawa–Sakata) matrix is given by


c12 c13
s12 c13
s13 e−iδCP 



U = −s12 c23 − c12 s23 s13 eiδCP c12 c23 − s12 s23 s13 eiδCP
(1.8)
s23 c13  ,


iδ
iδ
CP
CP
s12 s23 − c12 c23 s13 e
−c12 s23 − s12 c23 s13 e
c23 c13
where δCP is a complex phase related to charge-parity (CP) violation,20 and where
terms including the neutrino mixing angles θjk (j , k ∈ {1, 2, 3}) are given by cjk ≡
19 A dedicated event selection was used for this analysis, which is called the PeV-energy partially
contained event (PEPE) sample [96].
20 CP violation would manifest itself as a difference between the oscillation patterns of neutrinos
and antineutrinos [101]. Although currently not observed in the neutrino sector, CP violation does
occur in quark mixing [14].
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cos θjk and sjk ≡ sin θjk . Since there is no evidence for CP violation in the neutrino
sector, the CP phase is set to δCP = 0 in this discussion.
For neutrinos propagating through vacuum, the probability that a neutrino of
flavor ` and energy Eν oscillates into a neutrino with flavor ` 0 ∈ {e, µ, τ} over a baseline length scale L is then given by


X
 ∆m2jk L 
∗
 .
P (ν` → ν`0 ) = δ``0 − 4
U`j U`∗0 j U`k
U`0 k sin2 
(1.9)

4~c3 Eν 
j<k

Here, ∆m2jk ≡ m2j − m2k is the squared neutrino mass difference of the mass eigenstates
|νj i and |νk i, δ``0 is a Kronecker delta,21 and the sum in the second term is negative
(resp. positive) if ` , ` 0 (resp. ` = ` 0 ).
Precise measurements of the neutrino mixing angles—see [102, 103] for a recent
overview—have been performed with experiments focused on solar neutrinos (θ12 ),
atmospheric neutrinos (θ23 ), and nuclear-reactor neutrinos (θ13 ). These observations restrict neutrino masses to22 mj . 120 meV/c2 . Thus, given these measurements, the oscillation probability of Equation (1.9) is completely described by the
ratio L/Eν . For astrophysical scales relevant to IceCube, which is sensitive to TeV–
PeV astrophysical neutrinos, L lies in the kpc–Gpc range. Since L is therefore much
larger than the typical oscillation length,23 the sin2 x term averages out to 1/2 in
observations with neutrino telescopes [104]. This is a consequence of the limited
energy resolution of these experiments, which cannot discern the energy-dependent
oscillation patterns at these scales.
Hints for Astrophysical Tau Neutrinos
A recent analysis of the 7.5-yr HESE sample reported the first evidence of the presence of ντ in the astrophysical neutrino flux [105]. This analysis exploits the fact that
at the highest energies, the unique double-cascade signature of ντ interacting via
the CC channel starts to become detectable in IceCube (see Section 3.1.1). The first
cascade is due to the CC interaction of the ντ within the detector volume. This interaction produces a tau lepton, which travels a distance of roughly 50 m × (Eν /PeV)
before decaying [105], thereby producing a second cascade. The two cascades can
be distinguished in IceCube if Eν & 100 TeV.
The first-ever candidate ντ event observed in [105], nicknamed Double Double,
is a double cascade with a vertex separation of 17 ± 2 m. The reconstructed energy
of the first and second cascades are ∼9 TeV and ∼80 TeV, respectively. This energy
asymmetry provides additional evidence that Double Double is indeed a ντ event
[106]; the “tauness” of this event—an a posteriori probability of the event to originate from a ντ —is found to be ∼98%. Moreover, the study of [105] disfavors a diffuse
astrophysical neutrino flux without ντ at a significance level of 2.8σ .

21 The Kronecker delta is defined as δ = 1 if a = b and δ = 0 if a , b.
ab
ab
22 A global fit of neutrino-oscillation experiments yields |∆m2 | ≈ 7.4 × 10−5 eV2 /c4 (solar neutri12
nos) and |∆m2k3 | ≈ 2.5 × 10−3 eV2 /c4 with k , 3 (atmospheric neutrinos) [102, 103]. However, the exact

ordering of the masses remains unknown. One of the major aims for neutrino experiments in the
coming decade is to solve this so-called mass hierarchy problem. The two possibilities are a “normal”
ordering, where k = 1 and m1 < m2 < m3 , or an “inverted” ordering with k = 2 and m3 < m1 < m2 .
23 The oscillation length is given by L ≡ 4π ~c3 E /|∆m2 |.
For Eν = 1 PeV and |∆m212 | =
π
ν
ij
−5
2
4
−3
7.4 × 10 eV /c , one finds Lπ ≈ 1.1 × 10 pc.
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Flavor Ratio of Astrophysical Neutrino Fluxes
The flavor ratio of high-energy neutrinos at an astrophysical source depends on
the neutrino production environment, which influences the flavor ratio observed at
Earth. However, as shown in [107], for L/Eν & 10−10 pc GeV−1 the flavor ratios of
the astrophysical neutrino fluxes tend to average out to a single value. In the most
generic pp-scenario discussed in Section 1.1.2, where the expected flavor ratio at the
source is (νe : νµ : ντ )S = (1 : 2 : 0), neutrino oscillations during propagation change
the flavor composition to an average (νe : νµ : ντ )E ≈ (1 : 1 : 1) at Earth [107, 108].
This prediction is shown in Figure 1.10, as well as other predictions on the flavor
ratio at Earth corresponding to different flavor ratios at the source.24 In addition,
Figure 1.10 indicates the 3σ contour of allowed flavor ratios according to the mixingangle measurements mentioned above.
Finally, Figure 1.10 shows the measurements of the high-energy astrophysical
flavor ratio found in three diffuse IceCube analyses. The HESE measurement, which
includes the first candidate ντ event, breaks the degeneracy between νe and ντ observed in the global-fit and inelasticity studies (which contain less years of data).

Figure 1.10: Flavor triangle of the astrophysical neutrino fluxes observed by IceCube,
taken from [105]. Solid and dashed lines correspond to 68% and 95% confidence
level contours, respectively. The non-filled black contours correspond to the 7.5-yr
HESE analysis—of which the best-fit point is indicated with the black star—whereas
filled red and green contours represent the 5-yr global-fit and 5-yr inelasticity measurements, respectively. The dotted line is the 3σ (99.7% confidence level) contour
allowed by measurements of the three standard neutrino mixing angles [102, 103].
The remaining symbols show the neutrino-oscillation predictions of the flavor ratio
at Earth given different flavor ratios at an astrophysical source.

24 For example, if the muons in Equation (1.4) interact within their environment before decaying,

one finds (νe : νµ : ντ )S = (1 : 0 : 0). This is also known as the damped-muon scenario; see e.g. [109]. In
any case, recall that the flavor ratio at the source depends on the charged-to-neutral pion ratio Kπ , as
discussed in Section 1.1.2
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The best-fit HESE flavor ratio falls within the 3σ allowed region of the mixing-angle
observations. However, due to a lack of data, the uncertainties on the IceCube measurements are large, such that they remain consistent with all flavor-ratio models
within 95% confidence level. Consequently, IceCube analyses generally assume the
most generic scenario of (νe : νµ : ντ )E = (1 : 1 : 1), as done in the remainder of this
work.

1.2.3

High-Energy Neutrinos in the Multimessenger Picture

Before moving towards candidate astrophysical sources of high-energy neutrinos,
let us inspect Figure 1.11, which combines the diffuse observations of GeV–TeV
gamma rays, TeV–PeV neutrinos, and EeV–ZeV UHECRs. As covered in Appendix A,
a diffuse flux scaled with the particle energy squared is a measure for the overall energy density of the sources producing this flux. A remarkable finding of Figure 1.11
is that the energy densities for each of the aforementioned messengers lie within the
same ballpark. This hints towards a common origin of these messengers, as exemplified in Figure 1.1. However, one has to be cautious with such an interpretation.
Based on energy arguments alone (recall from Section 1.1.2 that Eν ∼ Eγ /2 ∼ Ep /20),
the observed gamma rays and high-energy neutrinos do not necessarily coincide
with the sources of UHECRs.25 Future studies targeting UHE astrophysical neutrinos (Eν > 100 PeV) will play a key role in unraveling the mystery of the UHECR
origin, as briefly covered in Section 1.4.
If the sources of TeV–PeV astrophysical neutrinos and UHECRs are indeed the
same, it is worth noting that the diffuse IceCube measurements do not violate the
Waxman-Bahcall upper bound [69]. This bound is estimated directly from the differential energy density26 of UHECRs between 1019 eV and 1021 eV, which is of the
order of 1044 erg yr−1 Mpc−3 . Waxman & Bahcall assume that the differential energy
density of cosmic rays (assumed to be protons) follows an Ep−2 spectrum between 10
PeV and 1 ZeV, such that it is constant per decade of energy (see Appendix A). As
such, the corresponding differential energy density of neutrinos—which will also
follow an Eν−2 power law and thus be constant per energy decade—can be estimated in the TeV–PeV range (Eν ∼ Ep /20). It can then be translated to a diffuse
neutrino flux by taking into account the contribution of sources over cosmic history,27 which are assumed to evolve with redshift like the star-formation rate (see
also Section 5.2.1). In addition, a maximum neutrino-production efficiency is assumed at the sources, as well as a (νe : νµ : ντ )S = (1 : 2 : 0) flavor ratio at the source
yielding a (νe : νµ : ντ )E = (1 : 1 : 1) flavor ratio at Earth. With these assumptions, the
Waxman-Bahcall per-flavor upper bound is given by [69]
Eν2 Φν` +ν ` ∼ 2 × 10−8 GeV cm−2 s−1 sr−1 .

(1.10)

25 The high-energy neutrinos observed by IceCube between 0.5–5 PeV are namely produced by cos-

mic rays with energies between about 10–100 PeV, whereas UHECRs have energies exceeding 1,000
PeV. Note that a spatial correlation study has recently been performed between the observed directions
of UHECRs and high-energy neutrinos, yielding null results [110].
26 As elaborated in Appendix A, the energy density or luminosity density of a cosmic messenger
typically refers to the total energy output of that messenger per volume of space.
27 An example of such a computation can be found in Appendix E.
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Figure 1.11: Diffuse observations of the three high-energy messengers, which are a
measure for their respective energy densities as explained in the text. Gamma-ray
observations of the IGRB by Fermi-LAT (4.2 yr) [83] are indicated by the red data
points. The all-flavor neutrino flux (ν + ν) measured in the IceCube HESE analysis (7.5 yr) [91] is represented by the black data points and the corresponding band
(cf. Figure 1.7). The green data points correspond to the cosmic-ray spectrum observed by the surface detectors SD-750 and SD-1500 of the Pierre Auger Observatory
using 15 years of data [27].

This predicted flux is of the same order as the diffuse neutrino observations presented in Figures 1.7 and 1.11. Note, however, that Equation (1.10) should be regarded more as an optimistic order-of-magnitude prediction under the above interpretation rather than a strict upper bound on the diffuse neutrino flux.

1.3

Astrophysical Sources of High-Energy Neutrinos

The diffuse IceCube observations of astrophysical neutrinos have opened up a new
window to the Universe. However, to this date, their origin remains largely unknown. Over the past decade, a wide variety of studies have been performed searching for the sources of these IceCube neutrinos. Most of these studies use IceCube
datasets consisting of high-quality tracks (see Section 3.3.1) because of their superior angular resolution (.1° above Eν & 1 TeV) w.r.t. cascades. Note that these track
event selections are performed separately for the Northern Sky (declination δ ≥ −5°)
and Southern Sky (δ < −5°). This is necessary to deal with the fact that the background in the Southern Hemisphere, dominated by atmospheric muons, is much
larger than the background in the Northern Hemisphere, which solely consists of
atmospheric neutrinos.
In the following, a short review is presented regarding the observational status
of TeV–PeV neutrino sources.28 First, Section 1.3.1 describes a chosen number of
IceCube searches for point-like sources of neutrinos.29 This discussion is focused

28 See [111,112] for IceCube studies of GeV neutrinos from solar flares and compact binary mergers.
29 For a study of extended neutrino sources with IceCube, see [113].
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towards IceCube analyses of extragalactic astrophysical objects,30 which are of main
interest to this work. Section 1.3.2 then covers the first searches that found evidence for neutrinos originating from such astrophysical sources. Finally, current
constraints on sources that could be responsible for the diffuse neutrino observations are discussed in Section 1.3.3.

1.3.1

IceCube Searches for Point Sources of Neutrinos

The techniques applied in IceCube point-source analyses are presented in Chapter 4, such that they will not be described in detail here. The main idea is that one
searches for a spatial clustering of track31 events on the sky, typically at the location
of some astrophysical source of interest. Such a clustering would stand out against
the overwhelming background of atmospheric muons and atmospheric neutrinos,
which is isotropic in a given band of declination δ. Furthermore, more energetic
events are given a higher weight in the analysis, since they are more likely to be of
astrophysical origin, as discussed in Section 1.2.1. Lastly, a distinction is made between time-integrated and time-dependent analyses. The former search for steady
neutrino emission while the latter search for transient neutrino emission in a certain
time window, which can be motivated by transient electromagnetic (or gravitationalwave) emission.
Steady Sources
The most generic time-integrated point-source analysis to date is a scan of the full
sky32 using 10 years of IceCube data33 [118] collected between 2008–2018. This
study does not consider any predefined locations of interesting astrophysical sources; instead, it looks for sources emerging from the isotropic atmospheric background after integrating the data over sufficiently long time spans. To do so, the
sky is divided into pixels of roughly 0.1° × 0.1° (smaller than the detector resolution), and an unbinned point-source analysis is performed in each of these pixels.
As such, a local (i.e. pre-trial) p-value is obtained in each pixel, yielding the skymap
shown in Figure 1.12.
Due to their differing event selections, a hotspot—the location on the sky with
the smallest local p-value—is reported for each of the hemispheres. The pre-trial pvalues of the northern and southern hotspots are plocal = 3.5 × 10−7 and plocal = 4.3 ×
10−6 , respectively. After taking into account the look-elsewhere effect—i.e. the fact
that by performing O(107 ) trials, one expects on average one statistical fluctuation
at the 5σ level with a local p-value plocal ≤ 10−7 —the corresponding post-trial pvalues are p = 9.9 × 10−2 (1.6σ ; North) and p = 0.75 (0.3σ ; South). Both hotspots are
thus consistent with statistical fluctuations of the background. However, in [118],
an additional search was performed for neutrinos from sources in a pre-defined
30 Here, “astrophysical source” generally refers to astronomical objects that have been characterized
by some form of electromagnetic emission. More exotic scenarios, such as high-energy neutrinos originating from dark-matter decays in astrophysical environments, will not be discussed. See [114, 115]
for an overview of the latest IceCube searches for dark matter and physics beyond the Standard Model.
31 Since neutrino-source searches tend to use tracks, they predominantly probe the ν + ν emission
µ
µ
from these sources. Note that due to neutrino oscillations, the astrophysical neutrino fluxes per flavor
are different at Earth compared to the flavor ratio at the source, although they are generally assumed
to average out between flavors (see Section 1.2.2).
32 See [116] for a complementary point-source analysis exclusively focusing on the Northern Hemisphere.
33 This dataset has recently been published in [117].
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Figure 1.12: Results of the all-sky search for point sources using 10 years of IceCube
track data, adapted from [118]. Left: Skymap of local p-values in equatorial coordinates, where the numbers represent the declination δ in units of degrees. The apparent discontinuity at δ = −5° is due to the different event selections in the Northern
and Southern Sky. The corresponding hotspots, i.e. the smallest local p-values per
hemisphere, are indicated with the black circles. Right: A zoomed-in map of the
hotspot in the Northern Sky, where the black cross represents the location of NGC
1068. Note that the color scale is slightly offset from that of the complete skymap.

source list. The most significant source, corresponding to an excess of 2.9σ (post
trial correction), was found to be NGC 1068, whose coordinates are at the location
of the northern hotspot on the sky (see Figure 1.12). The interpretation of this result
is reserved for Section 1.3.2.
Figure 1.13 shows the 10-yr point-source sensitivity of IceCube obtained with
the all-sky scan as a function of the declination δ. The sensitivity for sources emitting neutrinos according to a harder Eν−2 spectrum is more competitive w.r.t. to the
sensitivity for neutrino sources with a softer Eν−3 spectrum. This is a consequence
of the fact that sources with harder spectra are easier to distinguish from the E −3.7
atmospheric background, which mostly affects the sensitivity in the Southern Sky
where atmospheric muons dominate the event selection. In fact, the Eν−3 sensitivity of ANTARES—a 0.01-km3 sized neutrino telescope in the Mediterranean Sea
[119]—in the Southern Sky is more competitive [120], since it does not suffer from
the atmospheric background of the Southern Hemisphere. Nevertheless, it should
be noted that the IceCube point-source sensitivity in the Southern Sky can outperform the ANTARES sensitivity by using cascades instead of tracks, most notably in
searches for neutrino emission from the Galactic Plane [121, 122].
Apart from the above point-source scan, many IceCube studies have been performed searching for neutrino emission from astrophysical sources of interest, based
on their electromagnetic emission. They will not all be reviewed here, but an overview of the latest searches can be found in [114,115]. Below, some source classes are
highlighted which will be the subject of further discussions:
• Active galactic nuclei (AGN). These supermassive black holes, typically located in the center of galaxies, are in the process of accreting large quantities
of matter (see also Section 2.1.2). Some AGN expel radio jets that exceed the
size of the host galaxy, which are therefore also known as radio AGN. On the
other hand, objects hosting an AGN without visible jets are typically referred
to as Seyfert galaxies. In any case, both the core and jets of AGN are possible
sources of high-energy neutrino emission (note that AGN are also candidate
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Figure 1.13: Time-integrated point-source sensitivity at 90% confidence level
(dashed lines) and 5σ discovery potential (solid lines) with 10 years of IceCube track
data, taken from [118] (see Section 4.3.3 for the exact definition of these quantities).
Both are shown in terms of the muon-neutrino flux at Eν = 1 TeV as a function of
declination. Orange and blue curves correspond to the sensitivities and discovery
potentials for sources emitting neutrinos according to unbroken Eν−2 and Eν−3 powerlaw spectra, respectively. The dashed gray lines correspond to the 11-yr ANTARES
point-source sensitivities for Eν−2 (light gray) and Eν−3 (dark gray) spectra [120]. The
triangles represent upper limits at 90% confidence level on the Eν−2 (red) and Eν−3
(black) neutrino emission for targeted astrophysical sources in the study of [118].

UHECR sources). See [123] for a recent IceCube search for neutrinos from
AGN cores with a post-trial significance of 2.6σ , and [114] for other ongoing
AGN studies.
• Blazars. AGN with a jet pointed towards Earth are also known as blazars.34
This subclass of AGN is of particular interest since blazars are the main sources
of the extragalactic gamma-ray background (EGB) observed by Fermi-LAT. The
latest null results of a time-integrated search for neutrinos from Fermi-3FHL
blazars has been reported in [124]; see also [114] for ongoing IceCube analyses of blazars. It should be remarked that the 2017 study of [90] finds that
blazars in the Fermi-2LAC catalog can only account for a fraction of the diffuse
neutrino flux, as discussed in Section 1.3.4.
• Starburst galaxies. These stellar factories produce an equivalent of more
than 10 suns per year. They are thought to be so-called cosmic-ray reservoirs,
which can result in a steady neutrino flux over time (see Section 2.2.1). Some
starburst galaxies are monitored by the standard time-integrated point-source
analysis in IceCube [118], although the latest dedicated (stacking) search for
these objects was performed before the detector was fully constructed [125],
yielding a null result. Also recall that the observed UHECR anisotropy shows
evidence for a correlation with the locations of nearby starburst galaxies, as
discussed in Section 1.1.1.
34 Blazars can on their turn be classified into two categories: BL Lacartae (BL Lac), characterized

by a relatively smooth non-thermal spectrum over all electromagnetic wavelengths, and flat-spectrum
radio quasars (FSRQs), which typically have more pronounced spectral lines compared to BL Lac.
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• Ultra-luminous infrared galaxies (ULIRGs). The most extreme starburst
galaxies, producing over 100 solar masses per year, are known as ULIRGs.
With more than 1012 solar luminosities between 8–1000 µm, ULIRGs are the
most luminous objects in the infrared sky. In addition to starburst activity,
ULIRGs can also host AGN, making these objects a prime class of neutrino
source candidates. Since this thesis presents the first search for high-energy
neutrinos from ULIRGs, a detailed overview of these objects is reserved for
Chapter 2.

Transient Sources
An all-sky scan such as the one described above has also been performed searching for transient point sources of neutrinos (note that the atmospheric background
can be considered steady over time). Using the same 10 years of IceCube data, the
analysis of [126] searches multiple Gaussian-like flares with a characteristic width35
σT in each pixel on the sky. The corresponding sensitivity for single flares is shown
in Figure 1.14. The hotspots of the scan were found to be consistent with background, with post-trial p-values p = 4.3 × 10−2 in the Northern Sky and p = 0.72 in
the Southern Sky. Additionally, a binomial test was performed to search for neutrino
flares from the same list of astrophysical sources used in the time-integrated analysis. Whereas the result in the Southern Sky yields a null result (p = 0.89 post-trial),
a 3.0σ post-trial significance was found for neutrino flare emission in four northern
objects over a period of 10 years.36 A single flare is fitted for three objects, including NGC 1068, while two flares are fitted for the source TXS 0506+056. The latter
result is consistent with flaring neutrino emission observed from TXS 0506+056 in
previous studies, which are discussed in Section 1.3.2.
Various time-dependent searches for neutrinos coincident with transient electromagnetic emission37 have been conducted over the past decade. As in the discussion of steady sources, not all of these analyses will be described here—see again
[114, 115] for the most recent IceCube studies—and only some transient sources are
highlighted below:
• Gamma-ray bursts (GRBs). Generally associated with the mergers of neutron stars (short GRBs; .2 s) or extreme hypernova explosions (long GRBs;
&2 s), these flashes are the brightest gamma-ray sources ever to be observed.
GRBs38 are one of the candidate sources that could accelerate UHECRs (see
also Figure 1.3). However, the neutrino emission associated with GRBs has
been strongly constrained with several IceCube searches; see [129] for the most
recent results.
• Blazar flares. AGN are generally variable sources of electromagnetic radiation, and blazars in particular can have periods of enhanced gamma-ray emission that can last several days. A dedicated IceCube search for neutrinos from
these so-called blazar flares can be found in [130], which reports a null result.
However, separate analyses did find some evidence for neutrino flares from
the blazar TXS 0605+056 (see Section 1.3.2).
35 Note that for σ & 200 days, the time-integrated analysis becomes more sensitive than the tranT
sient one.
36 Note that this 3σ excess is not a significance per source, but rather the overall significance for
neutrino flares occurring in these four sources.
37 For recent IceCube searches for neutrinos coincident with gravitational waves, see [112, 127].
38 For an excellent review of GRBs, see [128].

1.3. Astrophysical Sources of High-Energy Neutrinos

27

Figure 1.14: Time-dependent equivalent of Figure 1.13, taken from [126]. More
specifically, sensitivities (dashed lines) and 5σ discovery potentials (solid lines) are
shown for single-flare point-source emission in 10 years of IceCube data with Gaussian time windows of σT = 1 day (blue lines) and σT = 100 days (orange lines). These
quantities are given in terms of the fluence, i.e. the time-dependent flux integrated
f
over 10 years, at a normalization energy Eν = 1 TeV (note that F0 represents the flu2
ence scaled with Eν ). The upper and lower curves correspond to the sensitivities and
discovery potentials for sources emitting neutrinos according to unbroken Eν−2 and
Eν−3 power-law spectra, respectively.

• Tidal disruption events (TDEs). When a star passes near a supermassive
black hole, it will undergo strong tidal forces due the gravitational pull of the
latter. Since this pull is significantly stronger on the side of the star nearest
to the black hole, its shape will become distorted. In a TDE, the tidal forces
are so large that the star is torn apart, yielding a (non-thermal) electromagnetic transient that can last several weeks. Null results have been reported in
a dedicated IceCube analysis of TDEs [131], although a follow-up study of a
neutrino alert did find hints for neutrino emission from AT2019dsg, as discussed in Section 1.3.2.

1.3.2

First Hints for Astrophysical Neutrino Sources

TXS 0506+056
On 22 September 2017, IceCube issued an alert (via its realtime alert system [132]) to
the multimessenger community reporting the observation of a well-localized track
event, named IC-170922A [12]. Not only was this event found to have a 56.5% probability of being of astrophysical origin—based on its direction and energy (Eν ∼ 270
TeV)—but its localization pointed back to the known Fermi blazar TXS 0506+056,
as shown in Figure 1.15. Furthermore, follow-up observations by Fermi-LAT and
MAGIC observed an excess in (VHE) gamma-ray emission from this blazar during
the time of the alert, indicating that it was in a flaring state. A post-trial significance
of ∼3σ was inferred for the coincident observation of a high-energy neutrino and a
gamma-ray flare from the blazar TXS 0506+056.
Apart from a broad multimessenger campaign ensuing the alert, an archival IceCube study was performed searching for previous instances of neutrino emission
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Figure 1.15: Optical skymap that is roughly centered around the location of the
blazar TXS 0506+056, taken from [12]. The optical position of the blazar is marked
in the inlay with the pink square. The solid gray and dashed red lines represent the IceCube localization of the IC-170922A alert at 50% and 90% confidence
level, respectively. In addition yellow and blue circles correspond to the position of
TXS 0506+056 at 95% confidence level as determined by gamma-ray observations
of Fermi-LAT and MAGIC, respectively (note that the Fermi source known as PKS
0502+049 is also indicated).

from TXS 0506+056 [13]. The time-dependent analysis of this study found a neutrino flare of 13±5 events from the blazar in the period between September 2014 and
March 2015, with a post-trial significance of 3.5σ . In contrast to the IC-170922A excess, no increase in gamma-ray emission was observed from TXS 0506+056 during
this period. Note that both the 2014–2015 and 2017 neutrino flares were recovered
in the time-dependent point-source analysis of [126], discussed in Section 1.3.1.
The two independent observations of neutrino emission from TXS 0506+056 at
the 3σ level suggest that this blazar could be the first high-energy neutrino source
ever to be identified. However, the neutrino emission of TXS 0506+056 would only
be able to account for ∼1% of the diffuse astrophysical neutrino flux [12, 13], such
that the origin of the latter remains largely unknown. Moreover, the fact that the
2014–2015 excess was solely observed in neutrinos suggests that blazars can experience significant variability that is obscured in gamma rays. Such gamma-ray
obscuration in sources of neutrino emission is further explored in Section 1.3.4.
NGC 1068
Complementary to the time-integrated point-source scan discussed in Section 1.3.1,
the study in [118] also performed an IceCube search for neutrinos from a selection
of sources in the Fermi 4FGL catalog [86] (as well as some galactic sources). Apart
from all eight starburst galaxies, this selection contains 5% of the gamma-ray AGN
in the 4FGL catalog for which the best IceCube sensitivity is expected based on their
gamma-ray flux. The most significant source in this catalog search is NGC 1068,
with a post-trial significance of 2.9σ .
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NGC 1068 is classified as a starburst galaxy in the 4FGL catalog, although it has
also been classified as a Seyfert galaxy39 in other works (see [118] for more details).
In addition, NGC 1068 is a luminous infrared galaxy (LIRG, LIR ≥ 1011 L ), i.e. a less
luminous counterpart of ULIRGs [133]. Its location on the sky, which is near the
horizon where IceCube has the best sensitivity, is shown in Figure 1.12. Remarkably,
by taking into account the typical subdegree resolution of IceCube above 1 TeV,
the location of NGC 1068 is consistent with the hotspot of the all-sky scan in the
Northern Sky. If NGC 1068 is indeed a steady neutrino source, an upcoming pointsource study in the Northern Hemisphere [134] should see its significance increase
in both the all-sky scan and the catalog search.
AT2019dsg
The work of [135] found that the radio-emitting TDE with identification AT2019dsg
occurred in spatial and temporal coincidence with the IceCube alert IC-191001A.
Similar to IC-170922A, this alert has a probability of 59% to be of astrophysical origin, with an estimated neutrino energy Eν ∼ 200 TeV. The probability of finding a
TDE with the properties of AT2019dsg in coincidence with such a high-energy neutrino was estimated to be 0.2% (∼3σ ). Therefore, the authors of [135] suggest that
AT2019dsg and other TDEs could be sources of high-energy neutrinos. However, as
mentioned previously, a dedicated IceCube search for neutrinos from TDEs reported
a null result [131], such that one should be cautious with this interpretation.
Radio-Bright AGN
Using publicly available IceCube data, the study of [136] performed a spatial correlation study of neutrinos with energies Eν ≥ 200 TeV and radio-bright AGN with
radio flux densities exceeding 150 mJy at a frequency of 8 GHz. The latter were obtained from a catalog of sources based on very-long-baseline interferometry (VLBI)
data. They found that the average VLBI flux density of these radio-bright AGN was
higher at the locations of the IceCube events. The post-trial p-value for such an occurrence was estimated to be p = 0.2%, which is at the 3σ level. Furthermore, for the
radio-bright AGN located within the error regions of the IceCube events on the sky,
a time-dependent analysis was also performed. The authors of [136] claim a suggestive indication of an increased VLBI flux during the times of the IceCube events;
the corresponding post-trial p-value is p = 5% (∼2σ ). Overall, the authors state that
their results represent observational evidence for neutrinos with Eν ≥ 200 TeV from
radio-bright AGN, although such a strong claim should be treated with a grain of
salt. A dedicated IceCube search for radio AGN and their variability could provide
further insights into the possible neutrino emission of these objects.

1.3.3

Constraints on Source Populations of Astrophysical Neutrinos

A population of sources, or source class, is typically characterized by some properties of their electromagnetic spectrum. However, not only do these properties manifest themselves differently over cosmological distances, but the number of sources in
the population also varies over cosmic history. This dependence, known as a source
39 In fact, NGC 1068 is a luminous infrared galaxy (LIRG)—1011 solar luminosities between 8–1000

µm—and thus a less luminous sibling of ULIRGs, the main objects of interest to this thesis. Hybrid
starburst and AGN environments are typical for LIRGs and ULIRGs, as discussed in Chapter 2, making
NGC 1068 an interesting “prototype” for possible neutrino emission from such objects.
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evolution, describes how the differential luminosity density (see Appendix A) of the
sources, EQE (E, z), evolves with cosmological redshift, z. Note that the luminosity
density of neutrinos is generally calibrated with an electromagnetic counterpart; see
Section 2.2 for an example.
The redshift evolution of an astrophysical source class can be categorized qualitatively as follows:
• Strong positive evolution. These are sources that were much more abundant
at high redshifts compared to the local Universe. Examples are sources that
tend to follow the universal star-formation rate (SFR), such as starburst galaxies and ULIRGs (see Section 2.1.3), and most types of AGN. Blazars of the type
FSRQ have a particularly strong evolution [137].
• Weak positive evolution. For example, blazars of the type BL Lac have a relatively weak evolution [137].
• Negative evolution. Some sources, such as TDEs [138], are becoming more
common compared to earlier cosmological times. This type of source evolution
will not be relevant to further discussions.
It is common to parameterize the redshift evolution as (1+z)m , where m > 0 (resp. m <
0) represents a positive (resp. negative) source evolution. In particular, 3 . m . 4 is
a reasonable approximation for the evolution of the SFR and AGN [139]. The case
of m = 0 corresponds to a so-called flat evolution, i.e. a more hypothetical scenario
where sources do not evolve with redshift, which is generally used for comparative
purposes.
The upcoming discussion is mainly based on the work of [139], where the neutrino luminosity density of steady40 sources is factorized as Eν QEν (Eν , z) = Eν Leff
Eν (Eν )
× n(z). Here, Eν Leff
is
an
effective
differential
neutrino
luminosity
(all-flavor)
that
is
Eν
assumed to be redshift-independent. The number density of sources is given by
eff
n(z) = neff
0 H(z), where n0 is the effective local source density, and H(z) describes
their redshift evolution. By integrating the contribution of all sources in the population over cosmic history, and assuming that each source emits neutrinos according to an Eν−2 spectrum, the cumulative diffuse neutrino flux (per-flavor; assuming
equipartition) of the full population is given by
Eν2 Φνdiff
=
` +ν `

1 c neff
0
ξ E Leff .
3 4π H0 z ν Eν

(1.11)

Here, the parameter ξz encodes the redshift evolution of the sources. For an evolution following the star-formation rate, ξz = 2.4, while flat and FSRQ evolutions
yield ξz = 0.53 and ξz = 8.4, respectively [139]. A more detailed description of this
estimation and its underlying assumptions is given in Section 5.2.1.
Let us now focus on the IceCube diffuse neutrino observations of northern
throughgoing tracks (` = µ) above 100 TeV, shown in Panel (b) of Figure 1.7, where
Eν2 Φνdiff+ν ∼ 10−8 GeV cm−2 s−1 sr−1 . From Equation (1.11), one can directly deterµ
µ
eff
mine the condition for the product neff
0 × Eν LEν that is required to fully supply the
diffuse neutrino observations. This condition is indicated by the orange band in Figure 1.16, where the bandwidth is determined by considering flat to strong (FSRQ)
eff
source evolutions. In addition, Figure 1.16 shows the values of neff
0 and Eν LEν for
40 Transient sources are not covered in detail here, but a similar argument can be given based on an

effective bolometric energy output of the sources and their effective local rate density [140].
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Figure 1.16: Constraints on source populations that could be fully responsible for
the diffuse IceCube observations, adapted from [141]. Left: The effective local number density as a function effective neutrino luminosity for steady sources of neutrieff
nos (corresponding to the notations neff
0 and Eν LEν in the main text, respectively),
as defined by [139]. The orange band corresponds to the requirement for a source
population to supply the complete diffuse neutrino flux. The upper and lower edges
of the band represent flat and strong (FSRQ) source evolutions, respectively. Stars
indicate source populations that can supply these diffuse-flux requirements; the outstanding red star marks the ULIRG source class, which is of main interest to this
work. The dashed line corresponds to the limits inferred from the non-discovery of
point sources in 10 years of IceCube data, which exclude the parameter space to the
right of this dashed line (blue region). Analogously, the parameter space to the right
of the full line (green region) corresponds to the region that could be probed with
IceCube-Gen2 after 10 years of data. Right: Similar to the left panel, but showing the
constraints on transient source populations. These are shown for completeness and
not described in the main text; see [140] for more details.

some source populations that could produce high-energy neutrinos. While the local
source density can be measured, the neutrino luminosity is estimated from electromagnetic observations, as described in [139].
An additional constraint can be obtained from the non-discovery of point sources
in 10 years of IceCube data, which can be interpreted as a non-detection of muonneutrino multiplets41 above 100 TeV [139]. In this context, the upper limit on the
flux from a point source is given by the Eν−2 discovery potential (5σ ) in the Northern
Sky, i.e. Eν2 ΦνPS,5σ
∼ 10−9 GeV cm−2 s−1 . Combined with the requirement that the
µ +ν µ
sources in the population should supply the whole diffuse neutrino flux, one can
independently compute a lower limit on the effective local source density and an
upper limit on the effective neutrino luminosity. These limits are obtained numerically in [139], and allow to restrict the allowed parameter space of Figure 1.16.
The main result of Figure 1.16 is that if a source population is fully responsible
for the diffuse observations, it has to be relatively numerous and consist of relatively
dim sources. Otherwise, more luminous sources would have started to appear in the
all-sky point-source scan. From Figure 1.16, we can conclude that the point-source
constraints disfavor blazars (BL Lac and FSRQs) as sources fully responsible for the
41 A multiplet refers to multiple astrophysical neutrinos being detected from the same source.
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diffuse neutrino observations,42 which is consistent with result in [90]. ULIRGs,
which are the main sources of interest to this work, are not disfavored, although Figure 1.16 implies that the all-sky point-source scan is not sensitive enough to probe
individual sources in this population. Nevertheless, a point-source stacking analysis, like the one developed in Chapter 4 for ULIRGs, is sensitive to the cumulative
emission of the weaker, individual sources that constitute this population.
To conclude, it should be noted that the above interpretation is only valid for
source populations that would be fully responsible for the diffuse neutrino observations. It is not unlikely that the diffuse flux is comprised of contributions from
a variety of source classes. In any case, the future IceCube-Gen2 facility, which is
planned to be roughly 10 times larger and 10 times more sensitive than IceCube
(Sections 1.4 and 3.1), could be able to identify multiple sources of fainter, more
numerous populations at the 5σ level, as illustrated in Figure 1.16.

1.3.4

Multimessenger Indications of Obscured Neutrino Sources

Since blazars are thought to be possible UHECR accelerators, they have been the
topic of various neutrino studies, as mentioned previously. In [90], an IceCube stacking search was performed for neutrino emission from blazars in the Fermi-2LAC catalog. However, no neutrinos were identified in this analysis, yielding constraints on
the contribution of Fermi-2LAC blazars to the diffuse IceCube observations between
−γ
10 TeV and 2 PeV. More specifically, for unbroken Eν power-law spectra, the diffuse
neutrino emission from blazars has been restricted to .27% for γ = 2.5, and .50%
for γ ≤ 2.2.
The above result poses limitations on possible source populations that could be
responsible for the diffuse neutrino observations. Recall from Section 1.1.3 that
blazars constitute about 86% of the EGB observed by Fermi-LAT above 50 GeV. Thus,
if a source population is to supply the diffuse neutrino flux, it cannot exceed the
remaining non-blazar contribution to the EGB. This constraint particularly affects
neutrino sources that are transparent to gamma rays, as they tend to violate the
non-blazar EGB bound [143].
To illustrate this tension, consider the work of [144], which models the hadronic
gamma-ray and neutrino emission produced via pp-interactions in hadronic calorimeters (also known as cosmic-ray reservoirs), such as e.g. starburst galaxies. By
fitting the diffuse pionic gamma-ray emission to the non-blazar EGB between 50
GeV and 1 TeV, the corresponding diffuse neutrino flux—which is directly related to
the pionic gamma-ray flux, as discussed in Section 1.1.2—predicted by this model
undershoots the IceCube observations, as shown in Figure 1.17. Inversely, if the
neutrino flux is fit to the diffuse observations of the combined fit between 25 TeV
and 2.8 PeV (Section 1.2.1), the predicted gamma-ray flux overshoots the non-blazar
EGB bound.
As argued in [143], the above tension can be relieved if the sources of neutrinos
are gamma-ray opaque. In such hidden or obscured neutrino sources, the gamma
rays are attenuated before escaping their source environment. For pγ-sources, the
gamma rays could be attenuated via γγ-interactions with the strong ambient radiation fields [143]. On the other hand, for pp-sources of neutrinos, the gamma
rays could be attenuated by dense clouds of matter near the source in cosmic-ray
42 Although galaxy clusters also seem to be constrained by Figure 1.16, their prediction assumes a

flat evolution, which is not fully realistic [139]. A recent IceCube stacking analysis of massive galaxy
clusters observed by Planck has constrained their contribution to the diffuse neutrino flux [142].
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Figure 1.17: Prediction by [144] for gamma-ray transparent calorimeters, illustrating
the tension between the observed EGB (red data points) and diffuse neutrino flux
(combined fit; black data points) measured by Fermi-LAT and IceCube, respectively.
The solid red line is the total gamma-ray flux predicted by [144], which is fit to
the non-blazar EGB between 50 GeV and 1 TeV (i.e. the 2FHL range marked with
the red band), and consists of a direct gamma-ray component (dashed red line) and
a component of gamma rays that cascaded down to lower energies after interactions
with the EBL (dotted red line). The corresponding neutrino flux prediction, indicated
by the solid black line, undershoots the diffuse IceCube measurements.

beam-dump scenarios [145, 146]. In contrast, gamma-ray-transparent calorimetric
pp-scenarios have been proposed that can explain a large fraction of the diffuse neutrino flux without violating the EGB bound; see e.g. [147–150]. Such calorimetric
and obscured beam-dump models are of particular relevance to ULIRGs—the candidate neutrino sources investigated in this thesis—and will be covered extensively
in Section 2.2.

1.4

Future Prospects for Neutrino Astronomy

To conclude this Chapter, it is worth spending some words on current plans for the
future of the field, which are extensively reviewed in [151]. One of the major goals in
neutrino astronomy is to identify the sources of high-energy astrophysical neutrinos
with optical Cherenkov telescopes such as IceCube. For that purpose, several 1-km3
under-water experiments are currently under construction (KM3NeT and BaikalGVD [152, 153]) or development (P-ONE [154]) in the Northern Hemisphere, which
will complement IceCube searches for point sources, particularly in the Southern
Sky.43 Furthermore, the optical component of IceCube-Gen2 [141] (see Section 3.1)
is planned to instrument a volume of 8 km3 , which will not only allow for diffuseflux measurements up to 10 PeV, but will also improve the current IceCube pointsource sensitivity roughly by a factor of 10, as shown in Figure 1.16.

43 Recall that, from the perspective of an optical water-Cherenkov telescope, the overwhelming

background of atmospheric muons is only a contributing factor above the horizon. Hence, experiments
in the Northern Hemisphere will not suffer from atmospheric muons in (most of) the Southern Sky.
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A second major objective in neutrino astronomy is to discover ultra-high-energy
neutrinos (UHE neutrinos; Eν ≥ 100 PeV). Since Eν ∼ Ep /20, detecting UHE neutrinos would allow us to directly probe the sources of UHECRs. Moreover, UHE neutrinos would reveal the reason behind the observed cutoff of the UHECR spectrum,
i.e. if it is due to the exhaustion of hadronic accelerators or due to the GZK effect
(Section 1.1.1). The latter is expected to yield so-called cosmogenic neutrinos via
the photohadronic cosmic-ray interactions with the CMB, which could dominate the
diffuse neutrino flux above 1 EeV [155, 156], as illustrated in Figure 1.18. To target
UHE energies, most proposed projects focus on radio techniques to detect the particle showers induced by neutrinos. For example, in-ice detectors such as RNO-G,
ARA, ARIANNA, and the radio array of IceCube-Gen2 [141,157–159] aim to directly
detect the Askaryan emission44 of such neutrino-induced showers. Another in-ice
proposal, RET-N [161], applies an indirect radar technique to detect radio waves as
they reflect off a neutrino-induced particle shower. In contrast to these in-ice techniques, the radio pulse of UHE neutrino interactions near the surface of the ice sheet
can also be measured with airborne balloon experiments such as ANITA and PUEO
[162, 163].
While the above detectors are sensitive to all neutrino flavors, other experiments
specifically target UHE tau neutrinos that skim Earth’s surface. Tau leptons produced in UHE neutrino interactions can emerge from the surface before decaying
into the air, thereby inducing a horizontal extensive air shower [164]. Radio emission from this shower can be observed using surface arrays located in mountainous
terrains, such as GRAND, TAROGE, and BEACON [165–167]. Non-radio surface
arrays—also in mountainous terrains—include Trinity [168], which is a future imaging air Cherenkov telescope (IACT; similar to those used for VHE gamma rays), and
particle detectors (water-Cherenkov tanks) such as the Pierre Auger Observatory
and TAMBO [19,169], although the latter targets ντ between 1–100 PeV. Finally, POEMMA [170] is a satellite mission planned to observe the optical Cherenkov emission of skimming ντ showers as they develop through Earth’s atmosphere.
Figure 1.18 summarizes the above experiments and their expected sensitivities
to the diffuse neutrino spectrum from TeV up to UHE energies. The leading upper
limits of neutrino emission between 1016 eV and 1021 eV are currently set by IceCube, the Pierre Auger Observatory, and ANITA at the highest energies [171–173].
Less stringent upper limits have been obtained with ARIANNA and ARA [174,175].
Note that these limits are still consistent with expectations of diffuse UHE neutrinos. Future experiments are expected to improve current sensitivities by up to two
orders of magnitude, which would make the detection of UHE neutrinos, and cosmogenic neutrinos in particular, feasible over the coming decades. As a final remark,
it is worth pointing out that a study for neutrinos with energies exceeding 1021 eV
(i.e. exceeding the highest UHECR energies observed to date) is being performed
by searching for neutrinos that skim off the surface of the moon [176]. In this case,
the neutrino interaction itself is expected to produce radio emission, which can be
detected with observatories such as LOFAR.

44 When a particle shower develops through a medium, it will produce a net charge excess of elec-

trons being stripped off their host atoms. This so-called Askaryan effect thus yields a moving charge on
macroscopic scales, which results in the emission of electromagnetic radiation at radio wavelengths.
However, in air, the particle density is lower than in e.g. ice, such that the drift current induced by
the geomagnetic field dominates the radio emission of the shower. See [160] and references therein for
more details.

1.4. Future Prospects for Neutrino Astronomy

(a) Schematic of current and future neutrino experiments [177]

(b) Future prospects for diffuse neutrino observations [151]
Figure 1.18: Summary of the various experiments that are planned to cover the diffuse extraterrestrial neutrino spectrum between 1013 –1021 eV. Panel (a) illustrates
the different types of neutrino experiments, as described in the text. Panel (b) shows
the expected sensitivities of these experiments (non-solid lines and data points)—
excluding optical water-Cherenkov telescopes apart form IceCube—as well as predicted contributions of neutrinos from astrophysical sources and cosmogenic neutrinos (gray regions). Solid lines correspond to upper limits from existing experiments,
while the blue bands correspond to IceCube observations of TeV–PeV neutrinos. A
qualitative timeline of the expected developments is also indicated.
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Chapter 2
Ultra-Luminous Infrared Galaxies

”

Now the world has gone to bed,
Darkness won’t engulf my head,
I can see in infrared,
How I hate the night.
— Marvin the Paranoid Android
(Douglas Adams)

Introduction
The first infrared (IR) sky surveys were performed throughout the 1960s and 1970s
using ground-based observatories, balloon experiments, and suborbital rockets [178,
179]. As shown in e.g. [180], these surveys already revealed the existence of galaxies with an IR output many times stronger than the total bolometric1 luminosity of
the Milky Way, which is of the order of 1010 L [181]. Here, L = 3.828 × 1026 W
represents the bolometric luminosity of the Sun.
A turning point in IR astronomy was reached with the mission of the Infrared
Astronomical Satellite (IRAS) in 1983 [182]. IRAS was the first space-based telescope to make an extensive all-sky survey covering a large part of the thermal IR
spectrum (12–100 µm). Not only did IRAS observe a large number of luminous
infrared galaxies (LIRGs), defined as objects with a total rest-frame IR luminosity
LIR ≥ 1011 L between2 8–1000 µm, but it also discovered the existence of ultraluminous infrared galaxies (ULIRGs), for which LIR ≥ 1012 L [183]. Furthermore,
the first hyper-luminous infrared galaxy (HyLIRG; LIR ≥ 1013 L ) was identified soon
after, in 1988 [184].
During the 1990s, studies of the IR sky were performed using observations of
IRAS and the Infrared Space Observatory (ISO) [185]. The turn of the millennium
saw the launch of various IR satellites, such as the Spitzer Space Telescope [186],
the AKARI mission [187], the Herschel Space Observatory [188], and the Wide-field
Infrared Survey Explorer (WISE) [189]. These satellites allowed to perform detailed
spectroscopic observations and deep-redshift surveys of the IR universe. Remarkably, in 2015 WISE discovered the existence of 20 distant extremely luminous infrared galaxies (ELIRGs; LIR ≥ 1014 L ) [190], which are the most luminous IR objects
observed to this date. In any case, a new dawn of IR astronomy is upon us thanks to
the successful launch of the James Webb Space Telescope [191] on Christmas Day of
2021.
1 The bolometric luminosity of an object refers to its total luminosity integrated over all possible
frequencies (see also Appendix A).
2 The 8–1000 µm range covers the thermal part of the electromagnetic spectrum. It contains a large
part of mid-IR wavelengths (8–40 µm) as well as the complete far-IR (40–200 µm) and submillimeter
(200–1000 µm) regimes. In this work, the 8–1000 µm waveband is referred to as the total IR waveband.

37

38

Chapter 2. Ultra-Luminous Infrared Galaxies

In this Chapter, the focus will mostly be laid on ULIRGs, which are extensively
reviewed in [183]. Since HyLIRGs and ELIRGs are rare and located at much higher
redshifts3 compared to ULIRGs, they will not be distinguished from the ULIRG
source class in the following. Section 2.1 covers the main properties of ULIRGs,
such as their electromagnetic spectrum, the mechanisms powering these objects,
and their evolution over cosmic history. Subsequently, Section 2.2 elaborates on
ULIRGs forming a promising class of neutrino-source candidates, which could also
be responsible for a significant fraction of the diffuse astrophysical neutrino flux
measured with IceCube. This motivates the IceCube stacking search presented in
this work, for which a dedicated selection of ULIRGs is obtained based on IRAS observations, as presented in Section 2.3.

2.1
2.1.1

General Properties of ULIRGs
Morphology

Let us start our exploration of ULIRGs by taking a look at their appearance.4 Figure 2.1 displays high-resolution optical images of two nearby ULIRGs, which are
both interacting galaxies. As elaborated in [183] and references therein, ULIRGs
are merging systems of spiral galaxies that are typically going through an advanced,
coalescing phase of the merger (see e.g. [196] for more images), both in the local

(a) Arp 220

(b) Mrk 273

Figure 2.1: Optical images captured by the Hubble Space Telescope of the ULIRGs
Arp 220 and Mrk 273, shown in Panels (a) and (b), respectively. Arp 220 is the closest
ULIRG to Earth, and Mrk 273 is also known as the “Toothbrush Galaxy.” Both objects
have morphological features of galaxy mergers. The bright spot in the top left of
Panel (b) is a foreground star from the Milky Way. Taken from [194, 195].

3 The closest HyLIRG (IRAS P07380-2342) is located at a redshift z = 0.292 [192] and the closest
ELIRG (WISE J024008.10-230915.0) is located at z = 2.225 [190]. For comparison, the closest ULIRG
(Arp 220) is located at z = 0.018 [193].
4 Although it is generally not the best idea to judge a book by its cover, or in this case, an astrophysical object by its optical image, we can safely say that the quasi-unpronounceable acronym for ULIRGs
is more than compensated for by their magnificent looks.
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Universe and at high redshifts (z ∼ 1) [197]. On the other hand, the less luminous LIRGs are largely identified with earlier, pre-coalescence phases of such spiralgalaxy mergers [198].
These morphological observations lead to the idea, first proposed in 1988 [199],
that LIRGs and ULIRGs correspond with particular stages in the evolution of such
merging systems. The corresponding evolutionary scenario is illustrated in Figure 2.2; see Section 2.1.2 for more details concerning the power mechanisms. In
this scenario, the early phases of the merger trigger nuclear activity in the interacting galaxies, resulting in typical LIRG luminosities. During coalescence, the nuclear
activity further increases, forming an ULIRG. In the final stages of the merger, the
ULIRG becomes a quasar, defined as an object in which an active supermassive black
hole (SMBH; mass & 106 M ) outshines the host galaxy. The final remnant left behind once all nuclear activity dies out is an elliptical galaxy.

Figure 2.2: A schematic overview of the evolution of spiral-galaxy mergers, taken
from [200]. In particular, the merger phases corresponding with LIRGs and ULIRGs
are indicated.

2.1.2

Electromagnetic Spectrum and Power Mechanisms

Thermal Spectrum: Infrared
A representative broadband spectral energy distribution (SED) of ULIRGs is shown
in Figure 2.3. The most characteristic feature of the SED is the dominant blackbody spectrum between 8–1000 µm, which is the reason why ULIRGs are defined
as objects with LIR ≥ 1012 L in that waveband.5 Not only does their extreme IR luminosity imply that ULIRGs host energetic environments, but it also indicates that
these environments are among the most dust-obscured objects in the Universe, as
the IR radiation is emitted by dense dust clouds. This dust absorbs and reprocesses
higher-energy radiation from the central engines powering the ULIRGs. The temperatures inferred for the dust clouds in ULIRGs have typical values between 30–60
5 Note that the less luminous LIRGs have similar broadband SEDs.
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Figure 2.3: The SED of the ULIRG named Mrk 273, showing the flux density fν as
a function of frequency ν using data from [193], which covers the entirety of the
electromagnetic spectrum. The gray band highlights the thermal 8–1000 µm range.
An optical image of Mrk 273 can be found in Panel (b) of Figure 2.1.

K, which are significantly hotter than dust temperatures (typically 10–30 K) found
for non-IR-luminous galaxies (LIR < 1011 L ) [201].
The intense luminosity of ULIRGs is mainly driven by starbursts, which are
compact environments (of the order of 10–100 pc, see also Figure 2.4) of enhanced
star-forming activity. These stellar factories are typically found in the nuclear regions of ULIRGs, and exhibit a typical star-formation rate6 (SFR) that exceeds
100 M yr−1 and can go up to 1000 M yr−1 [183, 203–205]. The starburst activity is thought to be incited by the spiral-galaxy merger (see Section 2.1.1), which
triggers the funneling of gas and dust towards the nuclear regions of the interacting
galaxies. N-body simulations show that this funneling can occur both before and
during coalescence, due to tidal forces and galactic-scale shocks, respectively (see
[183] and references therein). It is the accumulation of matter combined with pressure waves that results in the birth of many young, bright stars. These young stars
mostly emit optical and ultraviolet (UV) radiation, which heats up the dense and
dusty interstellar medium (ISM) of the starburst nucleus, giving rise to enhanced IR
luminosities. Consequently, the total IR luminosity can serve as a measure for the
SFR. For starbursts, a rough estimation is given by [206]
SFR
LIR
=
.
1 M yr−1 5.8 × 109 L

(2.1)

The SFR is also commonly estimated with the Kennicutt-Schmidt law [207, 208],
which links the gas surface density, Σgas , of a star-forming region to its SFR surface
density,7 ΣSFR , as ΣSFR ∝ Σngas . For star-forming galaxies, the power-law index is
6 As a reference, the SFR of the Milky Way lies between 0.68–1.45 M yr−1 [202].
7 The surface density, or column density, of a gas is generally the integral of its mass density ρ
gas
R
along the line of sight, Σgas = ρgas d`, typically in units of g cm−2 . In other words, it is the mass

of the gas cloud per unit of area encountered along the line of sight, which is closely related to the
definition of the so-called slant depth used in (astro)particle physics. Similarly, integrating the SFR
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Figure 2.4: Typical sizes (not to scale) of the starburst and AGN environments found
in ULIRGs compared to the host galaxy. The inset shows an artist interpretation of
the unified AGN model, consisting of a supermassive black hole (SMBH) fed by an
accretion disk, which is surrounded by a dense torus of gas and dust. Some AGN
emit one or two jets along the axis of the accretion disk, but this is generally not
observed in ULIRGs. Adapted from [216, 217].

estimated to be n ≈ 1.4 [206]. A detailed description of the Kennicutt-Schmidt law
falls outside the scope of this thesis.
ULIRGs can also manifest nuclear activity in the form of an active galactic nucleus (AGN) [183, 209–211], a SMBH that is actively accreting matter. SMBHs are
commonly present in the nuclear regions of spiral galaxies, although they are typically in a quiescent state.8 However, since ULIRGs are merging systems, the inflow
of matter to the nuclear regions of the interacting galaxies can activate one or multiple SMBHs. A detailed description of AGN lies beyond the scope of this work, but
an extensive review can be found in e.g. [214]. Here, a short description is given of
the unified AGN model, illustrated in Figure 2.4, in which the SMBH is fed by a hot
accretion disk, emitting optical through X-ray wavelengths. These central regions
are surrounded by a cloud of dust and gas extending several pc, which is heated
by the accretion disk and consequently emits IR radiation. In some cases, radio jets
exceeding the size of the host galaxy emerge from the AGN, although this is generally not the case for ULIRGs, which are typically associated with Seyfert galaxies.9
Nevertheless, as shown in Figure 2.4, an AGN hosted by an ULIRG is thought to be
surrounded by a circumnuclear starburst, suggesting an intricate relationship between the enhanced star formation and SMBH activity [183, 216].
The number of ULIRGs hosting an AGN is generally found to be &40%, although
reported values can differ significantly between studies [218–223]. In any case, the
general observed trend is that this fraction increases with IR luminosity, as shown in
Figure 2.5. The contribution of the AGN to the total IR luminosity is typically of the
order of ∼10% [224–228], and this number tends to increase with IR luminosity as
well, which is also shown in Figure 2.5. However, in [183] it is noted that the AGN
R
per unit volume over the line of sight yields the SFR surface density, ΣSFR = ρSFR d`, typically in
−1
−2
units of M yr cm .
8 The most straightforward example of a quiescent SMBH is the one present in the center of the
Milky Way, Sagittarius A*, of which the first image was recently captured by the Event Horizon Telescope [212]. However, extended gamma-ray structures originating from the Galactic Center have been
observed by Fermi-LAT (Figure 1.5). These structures are known as the Fermi Bubbles, and suggest
that Sagittarius A* might have been active in a not too distant past [213].
9 In Seyfert galaxies, both the AGN and the host galaxy are resolvable. On the other hand, if the
AGN outshines the host galaxy, the object is called a quasar. Note that Mrk 231, the most luminous
local (z < 0.1) ULIRG with log10 (LIR /L ) = 12.51, is also the nearest observed quasar (z = 0.042) [215].
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Figure 2.5: Results from the work presented in [227] studying the starburst (SB) versus AGN contribution in a local sample of 164 ULIRGs. Objects are classified in four
regions according to the AGN contribution to the bolometric IR luminosity, αbol : negligible (αbol < 0.05), minor (0.05 ≤ αbol < 0.25), significant (0.25 ≤ αbol < 0.60), and
dominant (αbol ≥ 0.60). The relative number of ULIRGs with a non-negligible AGN
contribution increases with IR luminosity, as well as the bolometric contribution of
the AGN.

power can be underestimated if the AGN is strongly obscured by its surrounding
dust clouds (see [216] for a review on obscured AGN). In particular, the work presented in [229] finds that the AGN in a local sample of ULIRGs are Compton thick,
i.e. the dust clouds obscuring the AGN have a column density10 NH & 1.5×1024 cm−2
[230]. This is consistent with observations of Arp 220 presented in [231], which indicate that a possible AGN in this ULIRG should be obscured by a dust column with
NH & 1025 cm−2 .
Nevertheless, the large energy budgets and dense regions of matter in both the
starburst and AGN components of ULIRGs make these environments suitable for
hadronic acceleration and high-energy neutrino production. The discussion of
ULIRGs as candidate neutrino sources is reserved for Section 2.2.
Thermal Spectrum: X-Rays
Figure 2.3 shows that ULIRGs are also sources of X-ray emission, which has been the
topic of the study in [232]. This work finds that below 1 keV, the X-ray emission of
ULIRGs originates from a hot plasma associated with a starburst nucleus. Between
2–10 keV, the X-ray spectrum is well-described by a mixture of this hot plasma and
X-ray binary emission, which is also associated with starburst activity. Some ULIRG
spectra display a characteristic Fe-K emission line at 6.4 keV, which is an indicator
of obscured-AGN activity. Although the X-ray radiation from the accretion disk
is attenuated, the emission from the AGN core can be reprocessed by a relatively
cold surrounding medium. This reprocessing gives rise to the Fe-K emission line
[233]. However, it should be noted that this method might not be able to identify the
10 In contrast to a mass column density, N represents the equivalent number of hydrogen atoms per
H
R
unit of area along the line of sight. In other words, NH = nH d`, where nH is the effective hydrogen

number density of the dust cloud.
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complete AGN content of ULIRGs, since these are objects with extreme obscuration
that can also attenuate the Fe-K lines [229].
Intermezzo: ULIRGs versus Star-Forming Galaxies and Starburst Galaxies
Now that we have touched upon star formation in ULIRGs, let us clarify some of the
sometimes confusing nomenclature used in the literature. Star-forming galaxies
(SFGs) refer to all galaxies that exhibit star formation, including “normal” galaxies like the Milky Way, which have a typical SFR between 1–5 M yr−1 . A subset
of SFGs are the starburst galaxies, where enhanced star formation (SFR & 10 M
yr−1 ) typically occurs in compact short-lived (. 108 yr) nuclear starburst regions,
known as starburst nuclei. Starbursts are generally associated with merging systems, as touched upon in Section 2.1.2. Since the IR luminosity of galaxies is a direct
tracer of star-forming activity, starburst galaxies are characterized by an enhanced
IR luminosity. At the highest IR luminosities, starburst galaxies are also known as—
you guessed it—LIRGs (LIR ≥ 1011 L ) and ULIRGs (LIR ≥ 1012 L ), which have the
most extreme SFRs (& 100 M yr−1 ).
Non-Thermal Spectrum: Radio
Apart from being the most luminous IR objects in the sky, ULIRGs are also sources
of non-thermal electromagnetic emission associated with particle acceleration. Such
accelerated particles will interact with ambient matter, radiation, or magnetic fields,
producing different sorts of emission. Since particle acceleration is characterized by
power laws (see Section 1.1.1), the cumulative non-thermal emission of all particles will inherit the power-law characteristic, which can manifest itself at both the
longest and shortest wavelengths in ULIRGs.
As illustrated in Figure 2.3, a typical SED of ULIRGs shows the characteristic
power-law behavior, fν ∝ ν −α , of non-thermal synchrotron emission at radio frequencies between 0.1–100 GHz, where typically α ∼ 0.5 [234]. Synchrotron emission serves as evidence for the presence of accelerated electrons and strong magnetic
fields that can efficiently cool these electrons. In ULIRGs, the synchrotron emission
generally originates from a starburst nucleus11 [235], which contains magnetic fields
with typical strengths B ∼ 102 –104 µG [236]. Below ∼100 MHz, the synchrotron radiation falls off due to free-free absorption,12 while above ∼100 GHz, the thermal
IR peak becomes the dominant source of emission.
AGN are also sources of synchrotron emission at radio frequencies. In Seyfert
galaxies such as ULIRGs, the typical magnetic-field strength of an AGN is B ∼ 10–
100 mG [237]. Furthermore, the effect of synchrotron self-absorption13 can lead to a
11 Starburst nuclei are also expected to be sources of thermal free-free emission—or
Brehmsstrahlung (“braking radiation”)—at radio wavelengths, which is emitted by an electron that
is decelerated by the electric field of an ion in the thermal plasma. However, it is challenging to observe this thermal component, since it is overwhelmed by non-thermal synchrotron emission [235].
12 Free-free absorption, in contrast to free-free emission, is the thermal process where an electron
gains energy by absorbing an ambient photon when trespassing the electric field of an ion. This process
is more likely to occur for low-energy electrons, which spend more time under the influence of the
ion’s electric field. Hence, there is a cutoff in the number of free electrons at lower energies. Since
synchrotron emission is proportional to the electron energy, this cutoff becomes visible at the lowfrequency end of the synchrotron spectrum of ULIRGs [235].
13 This effect occurs when synchrotron radiation re-interacts with the electrons that produced them
via inverse Compton scattering. In such a process, the electron scatters off the synchrotron photon,
thereby boosting its energy and leading to an overall hardening of the synchrotron spectrum.
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flat or rising spectral shape of the AGN radio emission between 0.1–100 GHz, which
is also expected to show significant variability [238]. The work of [238] studies the
radio spectra of 10 local ULIRGs containing an obscured AGN. Although the majority of spectral shapes can be explained by starburst activity alone, some sources
show evidence for an AGN contribution to the radio spectrum.
Non-Thermal Spectrum: Gamma Rays
At the other extreme of the electromagnetic spectrum, so far only one ULIRG has
been observed in gamma rays between 0.2–100 GeV, namely Arp 220 [239]. The
gamma-ray spectrum of Arp 220 is well-described a power law, Φγ ∝ Eγ−Γ , with a
spectral index Γ = 2.35 ± 0.16. As discussed below, the gamma-ray emission of Arp
220 is compatible with observations of less luminous SFGs, where gamma rays are
thought to be produced in hadronic14 interactions within the star-forming regions
of the galaxy. The authors of [239] also investigate the possibility that the gamma
rays might originate from the AGN possibly hosted by Arp 220. They find no significant variability in the data, such that they conclude that the observed gamma-ray
emission is probably not associated with an AGN. Since this AGN would likely be
Compton-thick with a column density NH & 1025 cm−2 [231], it should be remarked
that the gamma-ray emission from the AGN would be attenuated significantly by its
surrounding dust columns (see Section 2.2.2).
Multiwavelength Relations: Thermal and Non-Thermal Connection
As discussed above, the IR and X-ray emissions of ULIRGs both originate from related thermal processes, and it is therefore not surprising that a strong log-linear
correlation is observed between the total IR and 2-10 keV luminosities of these objects [232]. However, in this section we will focus more on the relationship between
thermal and non-thermal emission in ULIRGs.
The existence of a tight log-linear correlation between the IR and radio luminosities of IR-bright galaxies was established with the first IRAS surveys [240]. This
property is characterized by the logarithmic IR-to-radio luminosity ratio,




LIR
L1.4 GHz
qIR = log
−
log
,
(2.2)
3.75 × 1012 W
W Hz−1

with LIR the total IR luminosity and L1.4 GHz the radio luminosity at ν = 1.4 GHz.
The study of [241] finds a local average IR-to-radio luminosity ratio hqIR i ≈ 2.6 for
ULIRGs, which does not evolve up to a redshift z ∼ 2. On the other hand, a slightly
negative evolution of hqIR i is observed in the study of [242]. In any case, the radio-IR
correlation of ULIRGs indicates a strong coupling between the non-thermal acceleration processes and the thermal emission mechanisms. Moreover, this correlation
does not appear to change drastically during the course of cosmic history.
It would also be interesting to investigate the relation between the IR emission of
ULIRGs and their gamma-ray emission. Unfortunately, Arp 220 is the sole ULIRG
that has currently been resolved in gamma rays [239]. Nevertheless, it is enlightening to take a look at the work of [243], which is a study of the gamma-ray emission
of SFGs in general. This study separately performs a point source analysis of SFGs
resolved in gamma rays and a stacking analysis of SFGs unresolved in gamma rays,
and also combines both analyses. In all three analyses, they find a clear log-linear
14 Recall that generally, gamma rays can also be produced in leptonic processes; see Section 1.1.3.
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correlation between the total IR and gamma-ray (0.1–800 GeV) luminosities of SFGs,
as shown in Figure 2.6. Note that the observations of Arp 220 are consistent with the
gamma-IR relation of SFGs. This correlation supports the previous claim that an intricate relationship exists between non-thermal acceleration processes and thermal
emission mechanisms in ULIRGs. It is also worth mentioning that the work of [235]
explicitly studies the complete radio-IR-gamma connection for gamma-ray resolved
SFGs, yielding similar conclusions.

Figure 2.6: Observed correlation between the total IR luminosity, LIR = L8–1000 µm ,
and the total gamma-ray luminosity between 0.1–800 GeV, Lγ , of SFGs [243]. Both
axes are scaled with log10 . The data points represent gamma-ray resolved sources,
both well-known SFGs (bona-fide SFGs; black stars) and candidate SFGs (blue
crosses), as well as the gamma-ray upper limits for unresolved sources (brown circles). Log-linear fits with 1σ bands are shown for the bona-fide SFGs alone (brown
band), unresolved SFGs (cyan band), and the combination of these two (gray band).

2.1.3

Redshift Evolution and Infrared Luminosity Function

The evolution of the ULIRG source class over cosmic history has been a topic of
numerous works15 [183, 210, 246–259]. Since the observation of sources at high
redshifts is limited by the sensitivity of our telescopes, these studies rely heavily on simulations to correct for source completeness, introducing large uncertainties. Nevertheless, a general trend is observed in the redshift evolution of ULIRGs,
which is that their comoving IR luminosity density16 increases strongly up to a
redshift z ∼ 1, after which it flattens out. This trend can be observed in Figure 2.7,

15 ULIRGs at low redshifts are thought to be the local counterparts of submillimeter galaxies
(SMGs), which form a population of high-redshift objects mainly observed in submillimeter (200–
1000 µm) wavelengths [210]. The most luminous SMGs, or the HyLIRGs, are also sometimes referred
to as hot DOGs (dust-obscured galaxies) [244, 245].
16 The luminosity density represents the total luminosity per unit of volume. See Appendix A for
more details.
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(a) Number density evolution

(b) Luminosity density evolution

Figure 2.7: The redshift evolution of the IR luminosity function up to a redshift
z = 2.3, taken from [258]. Panel (a) shows the redshift evolution of the comoving
number density of “normal” IR galaxies (107 L ≤ LIR < 1011 L ; black triangles),
LIRGs (1011 L ≤ LIR < 1012 L ; orange diamonds), and ULIRGs (LIR ≥ 1012 L ; red
stars). The green circles indicate the total number density of galaxies that pass the
flux detection threshold in the conducted survey. Panel (b) shows the redshift evolution of the comoving IR luminosity density (denoted here as LIR ) of “normal” IR
galaxies (filled yellow band), LIRGs (filled orange band), and ULIRGs (filled red
band). The cumulative contribution of these three components yields the total comoving IR luminosity in the Universe (dashed black band). Each band corresponds
to an estimated ±1σ uncertainty interval. The black arrows are estimates of the total
IR luminosity density from a separate stacking analysis. The IR luminosity density
is also related to the SFR density, denoted here as ρSFR , via Equation (2.1).

which displays the redshift evolution of the IR luminosity function.17 Here, the
luminosity function is integrated over three separate luminosity intervals, namely
107 L ≤ LIR < 1011 L (“normal” IR galaxies), 1011 L ≤ LIR < 1012 L (LIRGs), and
LIR ≥ 1012 L (ULIRGs). Panels (a) and (b) of Figure 2.7 show the redshift evolution
of the comoving number density and IR luminosity density of these three source
classes, respectively, which accumulate to the total IR luminosity density in the Universe.
From Figure 2.7 we can conclude that “normal” IR galaxies greatly outnumber
LIRGs and ULIRGs over cosmic history. However, the redshift evolution of “normal”
IR galaxies remains relatively flat between 0 ≤ z ≤ 2.3, while the number density of
LIRGs and ULIRGs increases rapidly between 0 ≤ z . 1. Consequently, although
“normal” IR galaxies are responsible for the bulk of the total IR luminosity locally,
LIRGs and ULIRGs become more important contributors to the IR luminosity density at higher redshifts. This observation is consistent with other works, where it is
generally found that LIRGs are the main contributors to the total IR luminosity density between z ∼ 2–3 [248–250]. It is also worth noting that for z . 1, studies report
an IR luminosity density of LIRGs that is ∼10–50 times larger than the luminosity
density of ULIRGs [253–257], as in Figure 2.7.
The IR luminosity density is typically factorized as QIR (z) = QIR (z = 0)H(z),
where H(z) is a parameterization of the redshift evolution. This thesis will mostly
17 A luminosity function ρ(L, z) ≡ dn/d log L (z) describes the number of sources per comoving vol-

ume, dn, typically per logarithmic bin of the source luminosity, d log L. Due to the logarithmic binning,
ρ usually has the explicit units Mpc−3 dex−1 , where “dex” stands for decade in source luminosity.
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utilize the parameterization of [145, 146] for the redshift evolution of ULIRGs,


4

(1 + z) for 0 ≤ z < 1,
HULIRG (z) ∝ 
(2.3)

flat
for 1 ≤ z < 4.
Figure 2.7 also relates the total IR luminosity density in the Universe to the corresponding SFR density,18 QSFR , using Equation (2.1). Here, the results of [260, 261]
will be used to parameterize the redshift evolution of the SFR as


(1 + z)3.4




HSFR (z) ∝ 
(1 + z)−0.3



(1 + z)−3.5

for 0 ≤ z < 1,
for 1 ≤ z < 4,
for z ≥ 4.

(2.4)

It is not remarkable that ULIRGs, which are extreme SFGs, have a similar evolution
to the global SFR over cosmic history. The redshift evolution of the SFR, which is
closely related to the evolution of galaxies, remains a topic of active study that falls
outside the scope of this work. As e.g. reviewed in [262], current interpretations
argue that shortly after the Big Bang, young galaxies experienced a “boom” in star
formation. Between 1 . z . 4, the SFR was then dominated by extreme starburst
galaxies (LIRGs and ULIRGs), resulting in the relatively flat evolution around this
period in cosmic history. Since z ∼ 1, however, “normal” galaxies with much more
moderate SFRs have become the main contributors to the overall SFR in the Universe, which consequently started to decay exponentially over time. This generic
picture is consistent with Figure 2.7 and the discussions above.

2.2

ULIRGs as Candidate Neutrino Sources

As discussed extensively in Section 1.3.3, previous IceCube point-source studies
have constrained the source populations that could be fully responsible for the diffuse neutrino observations. In fact, such a source population should be numerous
but consist of relatively dim neutrino sources, as expected for e.g. starburst galaxies.
In [139], the gamma-IR relation of Figure 2.6 is applied to estimate the total gammaray luminosity of starburst galaxies between 0.1–800 GeV. This gamma-ray luminosity is then directly related to the differential neutrino luminosity via a calorimetric
pp-scenario (Section 2.2.1), yielding Eν Leff
Eν ∼ 0.2Lγ . The results of this estimation
are shown in Figure 1.16.
Since ULIRGs are extreme starburst galaxies, one can expand this method to
estimate their effective neutrino luminosity. Assuming Lγ ∼ 3 × 1042 erg s−1 as mea41
−1
sured for Arp 220 (Figure 2.6), one finds Eν Leff
Eν ∼ 6 × 10 erg s . Using an effec−7 Mpc−3 [145,146], ULIRGs are found to be cative local source density neff
0 ∼ 5 × 10
pable of supplying the diffuse neutrino observations, as shown in Figure 1.16. Moreover, ULIRGs are not constrained by the current point-source limits. Consequently,
ULIRGs form a promising class of neutrino-source candidates, and the following
discussions cover the different neutrino production mechanisms that could occur in
these sources.

18 The SFR density is the rate of star formation per comoving volume element, typically given in
units of M yr−1 Mpc−3 .
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Starburst Reservoirs

A first environment in which high-energy neutrino production can occur in ULIRGs
is a starburst nucleus (see [263] for a detailed overview). As a consequence of the
enhanced star-formation rate, more short-lived massive stars are produced in these
starburst regions, which also leads to an enhancement of the supernova rate. These
supernovae can act as hadronic accelerators, in which protons can reach energies
up to ∼1018 eV in the most extreme cases19 [264, 265]. The strong magnetic fields
(B ∼ 102 –104 µG) within a starburst nucleus are able to confine the accelerated cosmic rays within this region [236]. The confinement is strong enough such that the
typical timescale for a cosmic ray to escape20 the region is larger than the timescale
for inelastic energy loss of the cosmic ray through interactions with the dense interstellar medium (nISM & 100 cm−3 ) of the starburst nucleus [266]. Hence, starburst
nuclei act as calorimetric reservoirs in which cosmic rays lose most of their energy
through pp-interactions, resulting in the production of neutrinos and pionic gamma
rays (Section 1.1.2). Various studies have investigated starburst galaxies as a source
population that could explain a significant fraction of the diffuse astrophysical neutrino flux measured by IceCube [147, 148, 150, 267–270].
ULIRGs form the most extreme of the starburst galaxies, containing starburst
nuclei with averaged ISM densities that can be as large as nISM ∼ 104 cm−3 [271].
Combined with their huge star-formation rates (& 100 M yr−1 ), this makes ULIRGs
an exceptional set of starburst galaxies which could on their own account for a significant fraction of the diffuse IceCube neutrino flux up to PeV energies. Here, two
reservoir models are considered that predict such a diffuse neutrino flux originating
from the ULIRG source population.
The first model, by He et al. [272], considers hypernovae21 as engines that can
accelerate cosmic rays up to energies of ∼100 PeV. According to He et al. these will
on their turn produce neutrinos according to an E −2.0 power-law spectrum with an
exponential cutoff at several PeV. In addition, due to the enhanced star-formation
rate in ULIRGs, He et al. argue that the hypernova rate will be significantly enhanced
as well. This motivates them to predict a diffuse neutrino flux from the population
of ULIRGs up to a redshift zmax = 2.3, as shown in Figure 2.8, for which they use
the ULIRG redshift evolution found in [258] (Figure 2.7). The prediction can only
explain a fraction of the diffuse IceCube observations discussed in Section 1.2.1.
However, the validity of this model can still be tested with the dedicated ULIRG
stacking analysis performed in this work.
The second reservoir model considered here is that of Palladino et al. [149], illustrated in Figure 2.9. They construct a framework to compute the diffuse gamma-ray
and neutrino emission of a generic population of hadronically-powered gamma-ray
galaxies (HAGS). Palladino et al. propose starburst galaxies with LIR < 1012 L and
ULIRGs as two candidate HAGS populations, based on prototype sources NGC 253

19 These more extreme cases, such as hypernovae and trans-relativistic supernovae, are much more
rare than regular supernovae, which are typically only associated with cosmic-ray energies up to ∼1015

eV (Section 1.1.1). See [264, 265] and references therein for more detailed discussions.
20 The escape time of cosmic rays depends on diffusion by magnetic fields and advection by turbulent stellar winds. However, in starburst nuclei the escape time is dominated by the advection
timescale, which is of the order of 105 –106 yr [266].
21 Hypernova outflows have kinetic energies and velocities that can be larger by several orders of
magnitude compared to those of regular supernovae. Hypernovae have also been associated with long
gamma-ray bursts. See [273] and references therein for more details.
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Figure 2.8: Prediction by He et al. [272] of a diffuse neutrino flux from the population of ULIRGs up to a redshift zmax = 2.3 (magenta solid line). Note that this model
was constructed before the observation of the diffuse astrophysical neutrino flux with
IceCube, which is of the order of 10−8 GeV cm−2 s−1 sr−1 at 100 TeV. Therefore, this
plot shows the anticipated sensitivity of the full IceCube configuration using 5 years
of data (black solid line), together with measurements and predictions of the atmospheric neutrino flux (data points and black dash-triple-dotted lines). The remaining
lines are other model predictions of astrophysical and cosmogenic neutrinos which
are not relevant to this work.

Figure 2.9: Prediction by Palladino et al. [149] of a diffuse neutrino flux from a population of HAGS up to a redshift zmax = 4.0. This is shown for an E −2.12 spectrum with
a cutoff around 10 PeV (blue solid line), which was fit to the IceCube 8-year diffuse
muon-neutrino flux [274] (green band). The corresponding diffuse gamma-ray flux
of the model (red solid line), which consists of direct and cascaded gamma rays (red
dashed and dotted lines, respectively), does not exceed the non-blazar EGB bound
(not shown on this plot). Black and magenta data points represent the measurements of the total EGB by Fermi [83] and the diffuse neutrino flux from the 6-year
HESE analysis by IceCube [275], respectively. Note that the y-axis has been erroneously scaled with an extra factor of π.
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and Arp 220, respectively. The neutrino emission from HAGS is modeled according to an E −γ power-law spectrum with an exponential cutoff, which is integrated
over the full source population up to zmax = 4 following the redshift evolution of
the SFR—see Equation (2.4). This neutrino flux is then fitted to the 8-year diffuse
muon-neutrino observations [274] between 100 TeV–1 PeV. Palladino et al. find that
for γ ≤ 2.12 their model can fit a fraction of the IceCube observations without violating the non-blazar EGB bounds of [83, 276, 277] above 50 GeV (Section 1.3.4).
Their most optimistic scenario, with γ = 2.12 and an exponential cutoff at ∼10 PeV,
is shown in Figure 2.9. A population of HAGS, such as ULIRGs, could therefore be
responsible for the bulk of the diffuse IceCube neutrino flux.

2.2.2

AGN Beam Dumps

As mentioned in Section 2.1.2, it is plausible that ULIRGs host an AGN which not
only contributes significantly to the total energy output of the galaxy, but is also
highly obscured by columns of gas that are Compton thick (NH ≥ 1024 cm−2 ). AGN
are prime candidates for hadronic acceleration, and a vast number of studies have
modeled the production of neutrinos in non-blazar AGN (see [278] for a review).
Most notably, the cores of AGN are promising neutrino source candidates [279,280].
A dedicated IceCube stacking analysis has found suggestive indications of neutrino
emission from AGN cores [123], although the results are not significant enough to
be conclusive.
In this work, we will focus on the AGN beam-dump model constructed by Vereecken & de Vries [145, 146]. They consider a Compton-thick AGN in which the
beamed outflow of accelerated particles from the central engine is dumped into
the surrounding columns of matter. As such, neutrinos can be produced in ppinteractions of cosmic rays with the ambient gas and dust. Moreover, Vereecken &
de Vries argue that for column densities NH & 1025 cm−2 , the gamma rays produced
in such pp-interactions will on their turn be attenuated before escaping these dense
clouds. This idea of a dust-obscured AGN as a neutrino source was already proposed in a previous study [281], although in this case the corresponding gamma rays
are attenuated by the columns of matter surrounding the AGN [281]. Furthermore,
a dedicated IceCube analysis was conducted searching for neutrinos from obscured
flat-spectrum radio AGN [282], but no significant excess of neutrinos was found.
Since radio emission is a signature of particle acceleration, the model of Vereecken & de Vries normalizes the proton energy generation rate22 Qp of a source to its
radio luminosity density QR , which can be inferred from electromagnetic observations. The normalization is given by
Qp =

χ
Q .
fe R

(2.5)

The first parameter in this relation is the electron-to-radio luminosity ratio χ, which
is related to the synchrotron emission of electrons moving in the magnetic fields of
the accelerator [283]. The authors find that this value can be roughly approximated
by χ = 100. The second parameter is the electron-to-proton luminosity ratio fe ,

22 This quantity has the dimensions of a luminosity density (see Appendix A), and is a measure

for the energy output of the AGN that goes into accelerated protons. These protons will on their
turn interact with surround dust columns, thereby producing neutrinos. Thus, Qp should not be
interpreted as the contribution of ULIRGs to the overall cosmic-ray energy density in the Universe.
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which relates the leptonic and hadronic components of the acceleration process23
[284]. This is the most uncertain parameter of the model, since the interplay between leptons and hadrons in cosmic accelerators is poorly understood. Vereecken
& de Vries opt for a conservative value fe = 0.1 in their model predictions.
This beam-dump model is used to obtain a neutrino flux from the population
of ULIRGs up to a redshift zmax = 4.0. In a first prediction, the proton luminosity
associated to an ULIRG is obtained using Equation (2.5), where QR is determined
using the IR-radio relation24 of ULIRGs given in Equation (2.2). Using the value
LIR = 1012 L for all ULIRGs, and assuming that all ULIRGs host an AGN that is
responsible for the bulk of the IR energy output, Vereecken & de Vries find that
ULIRGs can only account for a rather small fraction of the observed diffuse neutrino
flux. However, this method relies on the usage of fe = 0.1, which is a conservative
value and also has large uncertainties. A second prediction is found by normalizing
the proton luminosity directly to the differential neutrino observations of the 6-year
IceCube HESE analysis [275]. Figure 2.10 shows the corresponding diffuse neutrino
and gamma-ray fluxes of the ULIRG population for an E −2.0 spectrum and a column
density NH = 1026 cm−2 . Most notably, Vereecken & de Vries find that for NH &
5 × 1025 cm−2 , ULIRGs could fit the diffuse IceCube observations without violating
the non-blazar EGB bound above 50 GeV [83] (Section 1.3.4).
Later in this work both Equation (2.5) and the results of the ULIRG stacking
analysis will be used to combine these two methods that normalize the proton luminosity. This will allow us to get insights in the electron-to-proton luminosity ratio fe
of ULIRGs. More details on the computations behind this AGN beam-dump model,
which will also be relevant in further discussions, are given in Appendix E.

Figure 2.10: Prediction by Vereecken & de Vries [146] of a diffuse neutrino flux from
the population of ULIRGs up to a redshift zmax = 4.0. This is shown for an E −2.0
spectrum and a column density NH = 1026 cm−2 (blue solid line). The red solid line
shows the corresponding diffuse gamma-ray flux, which is well below the constraints
of the non-blazar EGB (red dotted lines). The red and blue data points represent the
measurements of the total EGB by Fermi [83] and the diffuse neutrino flux from the
6-year HESE analysis by IceCube [275], respectively.

23 The electron-to-proton luminosity ratio f can also be referred to as the inverse baryonic loading.
e
24 The radio luminosity of Equation (2.2) is converted to a luminosity density using the local ULIRG
source density, which Vereecken & de Vries set to n0 = 5 × 10−7 Mpc−3 .

52

Chapter 2. Ultra-Luminous Infrared Galaxies

2.3
2.3.1

Selection of ULIRGs
Catalog Description and Initial Selection

With the motivation of ULIRGs being promising neutrino-source candidates, a selection of ULIRGs is required for the IceCube search presented in this work. For this,
three different IR catalogs are considered that are primarily based on IRAS data.
These catalogs follow the method presented in [285] to estimate the total IR luminosity as25
LIR = 4πdL2 × FIR ,

!
f12
f25
f60 f100
FIR = 13.48
× 1.8 × 10−14 W m−2 .
+ 5.16
+ 2.58
+
Jy
Jy
Jy
Jy

(2.6)

Here, dL is the luminosity distance, and each fλ/µm represents the IRAS flux density
at λ/µm ∈ {12, 25, 60, 100}. A description of the three catalogs is given below:
1. The IRAS Revised Bright Galaxy Sample (RBGS) [215]. This catalog contains
the brightest extragalactic sources observed by IRAS. These are sources with
a 60-µm infrared flux f60 > 5.24 Jy and a galactic latitude |b| > 5◦ to exclude
the Galactic Plane. The RBGS provides the total infrared luminosity between
8–1000 µm for all objects in the sample, containing 21 ULIRGs.
2. The IRAS 1 Jy Survey of ULIRGs [246] selected from the IRAS Faint Source
Catalog (FSC) [286] contains sources with f60 > 1 Jy. The survey required the
ULIRGs to have a galactic latitude |b| > 30◦ to avoid strong contamination from
the Galactic Plane. Furthermore, in order to have accessible redshift information from observatories located at Mauna Kea, Hawaii, this survey is restricted
to declinations δ > −40◦ . The resulting selection is a set of 118 ULIRGs.
3. The ULIRG sample used in [227]. The ULIRG selection is primarily based on
the redshift survey [287] of the IRAS Point Source Catalog (PSC; the redshift
survey is abbreviated as PSCz) [288]. This catalog contains objects with f60 &
0.6 Jy and covers 84% of the sky. In addition, the authors require the ULIRGs
to be observed by the Infrared Spectograph (IRS) [289] onboard Spitzer. As
such, they obtain a sample of 164 ULIRGs.
There exists some overlap between the ULIRGs of the above three catalogs, as
shown in Figure 2.11 (see also Section 2.3.2). Therefore, the NASA/IPAC Extragalactic Database (NED) [193] is used to cross-identify these sources. The result is
an initial selection of 189 unique ULIRGs, of which a complete list can be found in
Appendix C. For uniformity, NED is also used to obtain the equatorial coordinates
and redshift for each object. Since LIR values depend on IRAS flux measurements,
which are optimized separately for the different IRAS surveys, they are taken in the
following order:
• From Catalog 1 if available;
• From Catalog 2 if not available in Catalog 1;
25 Equation (2.6) is obtained by fitting a single-temperature dust-emissivity model to the IRAS flux

measurements [285]. The total IR flux FIR is expected to be accurate within ±5% for dust temperatures
between 25–65 K.
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• From Catalog 3 if not available in Catalog 1 or 2.

Note that Catalog 3 is the only catalog that provides uncertainties on these values.
Therefore, from this catalog, all objects are included that are consistent with LIR =
1012 L within one standard deviation, selecting three objects26 with a best-fit LIR <
1012 L . The distributions of the redshifts and total IR luminosities of this initial
selection of ULIRGs are shown in Figure 2.12.
The main physical quantities of relevance in further discussions are the luminosity distance dL (or redshift z), flux at 60 µm f60 , total IR luminosity LIR , and total IR
flux FIR = LIR /(4πdL2 ). Figure 2.13 visualizes the correlations between these quantities for the initial selection of 189 ULIRGs. A completeness cut at z = 0.13, which
will be motivated in Section 2.3.4, is also indicated in the appropriate panels. Note
that after this redshift cut, a bias is observed towards more luminous objects (top
left panel), which is expected due to the limited completeness of the three ULIRG
catalogs.

+75◦

Equatorial (J2000)

Galactic Plane

+45◦

ULIRGs in IRAS RBGS
with |b| > 5◦

+15◦
0h

24 h
−15◦

ULIRGs in IRAS FSC
with |b| > 30◦, δ > −40◦
ULIRGs in IRAS PSCz

−45◦

and observed by Spitzer
−75◦

Figure 2.11: Skymap of the 189 unique ULIRGs identified in the IRAS Revised Bright
Galaxy Sample (RBGS; green triangles), the IRAS Faint Source Catalog (FSC; blue
circles), and the catalog of ULIRGs (red stars) in the redshift survey of the IRAS Point
Source Catalog (PSCz) that have been observed by Spitzer. Spatial restrictions of the
RBGS (green dashed line) and the FSC (blue dash-dotted line) are also indicated.
Note that the same object can be identified in more than one of these catalogs.

26 The NED identifications (with log (L /L ) values) of these objects are UGC 05101 (11.99±0.02),
10 IR

IRAS 18588+3517 (11.97 ± 0.04), and 2MASX J23042114+3421477 (11.99 ± 0.04).
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Figure 2.12: The distributions of redshift and total IR luminosity for the initial selection of 189 ULIRGs, shown in Panels (a) and (b), respectively. The orange dash-dotted
line in Panel (a) indicates the redshift cut at z = 0.13 that results in the final representative ULIRG sample. Note that the three ULIRGs with a best-fit LIR < 1012 L are
included in the first bin of the histogram in Panel (b).
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Figure 2.13: Correlations of some quantities of the initial selection of 189 ULIRGs,
indicated by the blue dots. These include the luminosity distance dL , flux at 60 µm
f60 , total IR luminosity LIR , and total IR flux FIR = LIR /(4πdL2 ). The orange dashdotted line indicates the redshift cut at z = 0.13 of the representative ULIRG sample
used in the IceCube stacking analysis.

55

2.3. Selection of ULIRGs

2.3.2

Catalog Overlaps

As a consistency check of the initial selection of 189 ULIRGs, the overlap is studied
between the three ULIRG catalogs. A summary of the cuts on galactic latitude, equatorial declination, and flux at 60 µm is presented in Table 2.1 for the three catalogs.
From these cuts, one expects that Catalogs 2 and 3 contain all sources of Catalog 1
within their respective coverage of the sky. Analogously, one expects that all sources
in Catalog 3 have a counterpart in Catalog 2 within the spatial and flux cuts of the
latter. Table 2.2 compares these expected overlaps with their observations.
The observed numbers of overlapping ULIRGs correspond well with the expectations. However, some minor inconsistencies can be noticed, which are discussed
in more detail below:
• One additional source is observed in Catalog 3 compared to the number expected from Catalog 1. The object is named Superantennae, and has a flux
density f60 = 5.48 ± 0.22 Jy reported in the IRAS FSC [286]. However, in the
more recent IRAS RBGS (i.e. Catalog 1), this object is omitted since it has
a value f60 = 5.16 ± 0.03 Jy [215], which falls below the RBGS threshold of
f60 > 5.24 Jy. Since this object was selected from Catalog 3, the former value
for f60 is used in this work.
• One additional source is observed in Catalog 3 compared to the expected number within the cuts of Catalog 2. This object, 2MASX J08380365+5055090, has
a total IR luminosity log10 (LIR /L ) = 12.01 ± 0.03 reported in Catalog 3. From
this value, it can be suspected that this object would likely be classified as a
LIRG (1011 L ≤ LIR < 1012 L ) using the criteria of Catalog 2.

Quantity

Catalog 1

Catalog 2

Catalog 3

Galactic latitude
Equatorial declination
Flux at 60 µm

|b| > 5°
—
f60 > 5.24 Jy

|b| > 30°
δ > −40°
f60 > 1 Jy

see [287]
see [287]
f60 & 0.6 Jy

Table 2.1: Spatial cuts and flux density cuts reported by the three ULIRG catalogs.

Number of overlapping ULIRGs

Observed

Expected

in Catalog 2 within cuts of Catalog 1
in Catalog 3 within cuts of Catalog 1
in Catalog 3 within cuts of Catalog 2

8
22
95

8
21
94

Table 2.2: Comparison of the observed and expected number of overlaps between
the three ULIRG catalogs. Each row is a comparison of the first named catalog with
the second named catalog within the cuts of the latter (see also Table 2.1).
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ULIRG Selection Bias

Consider a generic standard-candle source population with a characteristic luminosity L0 and a uniform source density n that does not evolve with redshift. The
total number of sources within a certain luminosity distance dLthresh is then given by

 4πn 
3
N dL < dLthresh =
dLthresh .
3

(2.7)

If we define a flux threshold as
thresh
f60
=

L0

2 ,
4π dLthresh

(2.8)

our assumptions imply that the number of sources with a flux larger than this threshold is equal to the number
of sources
within the corresponding threshold distance,


thresh
N f60 > f60
= N dL < dLthresh . Thus, by combining Equations (2.7) and (2.8) we
find the power-law relation

 

thresh
thresh −3/2
.
N f60 > f60
∝ f60

(2.9)

An unbiased selection of homogeneous, standard-candle sources is therefore expected to be compatible with Equation (2.9).
The ULIRGs selected for this work are limited to redshifts z ≤ 0.35, as shown
in Panel (a) of Figure 2.12, within which redshift-evolution effects are expected to
be relatively small (Figure 2.7). Furthermore, the IR luminosities of the selection,
shown in Panel (b) of Figure 2.12, are constrained within log10 (LIR /L ) ∈ [12, 13].
Hence, for the purpose of the following discussion, we can approximate the ULIRG
source class as a homogeneous standard-candle population
within z≤ 0.35.

thresh
thresh
Figure 2.14 shows the observed relation between N f60 > f60
and f60
for
the initial selection of 189 ULIRGs (blue circles). The observed flattening at the
lowest flux thresholds is consistent with an IRAS sensitivity f60 ≈ 1 Jy. However,
thresh
the kink at f60
∼ 2.5 Jy indicates that the initial ULIRG selection likely misses
objects with 1 Jy ≤ f60 < 5.24 Jy, called “1-Jy sources” hereafter. This is due the
fact that Catalog 2, although complete, only covers 40% of the sky. In addition, the
required Spitzer observations limit the coverage of Catalog 3.
The number of selected 1-Jy sources Nsel = 135 can be corrected in order to account for this selection bias. As explained in Section 2.3.2, the selection is consistent
with the statement of [246] that Catalog 2 is complete within its sky coverage. In particular, effectively all 1-Jy sources of Catalog 3 are also listed in Catalog 2. Hence,
the number of 1-Jy sources is corrected as Ncorr = 0.4NFSC = 0.4Nsel × NFSC /Nsel ≈
0.49Nsel , where NFSC = 111 is the total number of ULIRGs in the 40% of the sky
covered by Catalog 2.
thresh
The above correction is applied to each data point within 1 Jy ≤ f60
< 5.24 Jy
in Figure 2.14 (green triangles). Note that a different correction is required for
ULIRGs with f60 < 1 Jy, but these will be of no further relevance for this work (see
Section 2.3.4). After the correction, the artifacts of the selection bias have been relatively smoothed out. Moreover, a log-linear fit through the corrected data points
yields a best-fit slope −1.498 ± 0.020, which is in agreement with the −3/2 value expected from Equation (2.9). This enforces the previous statement that the selection
bias of the initial ULIRG selection is indeed a consequence of limited sky coverage.
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Figure 2.14: Number of ULIRGs with a 60-µm flux f60 larger than a certain threshold
thresh
f60
as a function of that threshold. The blue circles indicate the direct observations of the initial ULIRG selection, while the green triangles correct these observations for the limited sky coverage of the selection for sources with 1 Jy ≤ f60 < 5.24 Jy.
The log-linear fit to the corrected data points is also shown.

2.3.4

The Representative ULIRG Sample

The purpose of the ULIRG selection is to perform an IceCube stacking analysis on
these objects, and to relate its results to the neutrino emission originating from the
full population of ULIRGs stretching over cosmic history. The latter can be achieved
by obtaining a representative sample of the local ULIRG population. Thus, a completeness cut is made on the initial ULIRG selection. The completeness is determined by finding the redshift up to which the least luminous ULIRGs (i.e. LIR =
1012 L ) can be observed, given a conservative IRAS sensitivity of f60 = 1 Jy. To do
so, the observed correlation between f60 and the total IR flux FIR (8–1000 µm) of the
ULIRG sample is used. Since the f60 measurements are optimized separately for the
different IRAS surveys, these are taken in the following order:
• From the RBGS if available;
• From the FSC if not available in the RBGS;
• From the PSC if not available in the RBGS or FSC.
Note that the data from the FSC and PSC are obtained from NED. The total IR flux27
FIR = LIR /(4πdL2 ) is calculated using the LIR values provided by the catalogs, and
using the luminosity distance dL computed from the redshift measurements.
To determine the FIR value corresponding with f60 = 1 Jy, a log-linear fit is performed,
!


f60
FIR
= a log10
+ b.
(2.10)
log10
Jy
W m−2
This is illustrated in Figure 2.15, and the resulting best-fit parameters are a = (95.85±
0.81)
× 10−2 and b = 12.645 ± 0.094. Subsequently, the luminosity distance dL =
p
LIR /(4πFIR ) is determined for which LIR = 1012 L , given f60 = 1 Jy or FIR ≈ 6.4 ×
27 Although the three ULIRG catalogs use Equation (2.6) to estimate the total IR luminosity, they do

not directly provide values of the total IR flux.
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Figure 2.15: Correlation between the IRAS flux density at 60 µm, f60 , and the total IR
flux between 8–1000 µm, FIR , for the initial selection of 189 ULIRGs. The log-linear
fit to these observations is also shown.

10−14 W m−2 using Equation (2.10). The result is dL ∼ 700 Mpc, which corresponds
to a redshift z ∼ 0.143. However, the uncertainties on LIR were not taken into account, since they are not provided by Catalogs 1 & 2. Therefore, a conservative cut
at z = 0.13 is performed, as indicated in Panel (a) of Figure 2.12. This results in a
final sample of 75 ULIRGs, which is shown in Figure 2.16. See Appendix C for a
detailed list of these 75 objects.
The redshift cut at z = 0.13 effectively corresponds with a flux constraint f60 &
1 Jy (bottom left panel of Figure 2.13). However, the final sample of 75 ULIRGs
likely misses a number of 1-Jy sources (1 Jy ≤ f60 < 5.24 Jy) due to the limited
sky coverage of both Catalogs 2 and 3 (see Section 2.3.3). The final ULIRG sample contains 37 1-Jy sources from Catalog 2, covering 40% of the sky, and 15 1-Jy
sources from Catalog 3 which are located in the complementary 60%. Hence, the
final ULIRG selection likely misses ∼40 1-Jy sources, assuming that Catalog 2 is indeed complete over its coverage. Note that the remaining 23 sources of the final
ULIRG sample, for which f60 ≥ 5.24 Jy, are taken from Catalog 1 which has a sky
coverage that exceeds 99%. No missing sources are therefore expected in this highflux regime.
The effect of these missing 1-Jy sources to the stacking analysis of Chapter 4 can
be estimated using simulations. The stacking analysis searches for the cumulative
ULIRG neutrino flux, where each source k is given a stacking weight wk ∝ tk rk , as
discussed in Section 4.2.2. The stacking weight depends on a theoretical term, which
is set to the total IR flux, tk = LIR /(4πdL2 ). In addition, the stacking weight depends
on a detector-response term, rk , which depends on the source declination and spectrum (Section 3.3.2). By testing how much the missing 1-Jy sources influence the
cumulative stacking weight, one can determine their expected contribution to the
combined neutrino flux of all sources.
For the simulations, 40 1-Jy sources are simulated evenly over the 60% of the
sky not covered by Catalog 2. The detector weight rk is computed for each source,
while the theoretical weight tk is fixed to the median value of the total IR flux of
the 37 ULIRGs taken from Catalog 2. This simulation is repeated 104 times for both
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Eν−2.0 and Eν−3.0 spectra, as shown in Figure 2.17. The resulting median contribution
of 40 missing 1-Jy sources to the cumulative stacking weight is roughly 10% for
both spectra. The final selection of 75 ULIRGs can therefore still be regarded as a
representative sample of the local ULIRG population within z ≤ 0.13.
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+45◦
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ULIRGs
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Figure 2.16: Skymap of the 75 ULIRGs selected for an IceCube search, which forms
a representative sample of the local ULIRG population within a redshift z ≤ 0.13.
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Figure 2.17: Contributions of 40 missing 1-Jy sources with z ≤ 0.13 to the total
weight of the ULIRG stacking analysis. These are shown for both Eν−2.0 and Eν−3.0
spectra in Panels (a) and (b), respectively. Each distribution is constructed by performing 104 simulations of 40 1-Jy sources over the part of the sky that is not completely covered by the ULIRG catalogs.
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Chapter 3
Detecting Astrophysical Neutrinos
with IceCube

”
”

I have done a terrible thing: I have postulated a particle that cannot be detected.
— Wolfgang Pauli
How hard can it be?
— Paul Coppin

Introduction
When Pauli postulated the existence of the neutrino1 back in 1930 [292], he stated
his infamous quote given above. Nevertheless, only 26 years2 after their postulation,
Cowan & Reines [296] unambiguously proved the existence of these ghost particles
originating from nuclear reactors at MeV energies. Almost a decade later, in 1965,
two independent observations discovered MeV–GeV neutrinos produced in our atmosphere [297,298]. Shortly thereafter, the first extraterrestrial keV–MeV neutrinos
from the Sun were discovered with the Homestake experiment [299]. Almost two
decades later, Kamiokande-II, IMB, and Baksan simultaneously observed the first
MeV neutrinos from outside our Solar System, i.e. from the now well-known supernova SN1987A [300].
Fortunately, contrary to Pauli’s statement, it was thus proven that neutrinos can
be detected—but that it is very hard to do so. Because their interactions with matter
are very rare, neutrino experiments are generally forced to have a large detection
volume. This volume is filled with some adequate target that can not only capture
a neutrino from time to time, but also produce a distinguishable signal in the detector. To open the window for high-energy (TeV–PeV) neutrino astronomy, Markov
proposed the idea of instrumenting large volumes of water or ice with optical sensors [301]. These sensors would then detect the optical Cherenkov radiation emitted
by secondary particles produced in neutrino interactions. They would also have to
be deployed at large depths to maximally avoid the contamination by cosmic rays.
DUMAND was the first concrete project of such an optical Cherenkov telescope,
initiated during the 1980s [302]. It was started near the coast of Hawaii, although it
1 Originally, Pauli proposed the name “neutron” for his ghost particle, which was taken in 1932
by Chadwick when he discovered the heavy, electrically-neutral nucleon we know today by that name
[290]. To distinguish Pauli’s particle from the neutron, it was Amaldi who named it the “little neutral
one,” or “neutrino” in Italian [291].
2 It is quite remarkable that neutrinos, the ghost particles, were discovered so soon after their proposal. To put this into context, it took nearly 50 years to discover the Brout-Englert-Higgs particle at
the LHC [293, 294], and almost a century to detect gravitational waves with LIGO-Virgo after Einstein
predicted them in his theory of relativity [295]. Luckily, neutrinos are stable, and most importantly,
abundant, which was vital for their eventual discovery.
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had to be abandoned during the 1990s due to technical failures [303]. Nevertheless,
DUMAND served as a pioneer for several detectors at the 0.01-km3 scale. One of
these was the Baikal Neutrino Telescope, located in Lake Baikal, Russia. Over the
course of the 1990s, the Baikal experiment instrumented 200 metric tons of water
with 192 optical sensors. As such, the Baikal Neutrino Telescope provided the first
underwater measurements of atmospheric neutrinos [304]. Between 2004–2005, the
detector was expanded with a course array of 36 additional sensors, in order to obtain a 0.01-km3 detection volume [305]. However, this volume proved to be insufficient for the detection of astrophysical neutrinos. Consequently, since 2016, the
experiment is being upgraded to the Baikal Gigaton Volume Detector (GVD) [153],
which is planned to instrument 1 km3 of deep-lake water with roughly 2,300 optical
sensors.
A second 0.01-km3 scaled detector inspired by the DUMAND project was
AMANDA [306], located in the glacial ice of the geographic South Pole. AMANDA
operated from 1997 through 2004, during which it was upgraded to AMANDA-II
[307], instrumenting 0.15 km3 of ice with 677 optical modules in total. After its
decommission, it was succeeded by the current IceCube Neutrino Observatory. The
third and last 0.01-km3 successor3 of DUMAND was ANTARES [119], deploying
900 sensors in the Mediterranean Sea. ANTARES was completed in 2008, after it was
decommissioned in early 2022 to make way for KM3NeT [152], which is planned to
be a cubic-kilometer telescope4 in the coming decade.
IceCube, the main experiment relevant to this thesis, is currently the most advanced and only fully operational optical neutrino telescope with a volume ≥1 km3 .
With over 5,000 optical sensors, it is the sole observatory that has been able to detect astrophysical TeV–PeV neutrinos to date, as discussed in Chapter 1. Section 3.1
gives an overview of the IceCube experiment, including the detection principle, instrumentation, online systems, and the various detection signatures that are called
events. The distinction between background and astrophysical-signal events, and
how they can be simulated, will also be discussed. Subsequently, the reconstruction
of physical quantities such as the direction and energy will be described in Section 3.2 for the event signatures of interest to this work. Finally, Section 3.3 gives a
description of the GFU event selection, which is the IceCube data used in the ULIRG
stacking analysis outlined in Chapter 4.

3.1

The IceCube Neutrino Telescope

The IceCube Neutrino Observatory [310], depicted in Figure 3.1, is a 1-km3 neutrino telescope buried deep within the glacial ice at the geographic South Pole. The
goal of IceCube is to measure the Cherenkov emission of secondary particles produced in neutrino-ice interactions (Section 3.1.1). The detector is instrumented with
5,160 digital optical modules (DOMs; see Section 3.1.2) distributed over 86 vertical strings containing 60 DOMs each, deployed between 1450–2450 m below the
surface. The typical vertical and horizontal DOM spacings are 17 m and 125 m,
3 DUMAND also served as a precursor to NEMO [308] and NESTOR [309], which are on their turn
prototypes for the novel KM3NeT project.
4 KM3NeT is planned to comprise two major building blocks of 4,140 optical sensors each [152].
ARCA, under construction near the coast of Sicily, Italy, will instrument 1 km3 of water to perform
TeV–PeV neutrino astronomy. On the other hand, near the coast of Toulon, France, the compact 0.01km3 ORCA is being built to target neutrino physics down to GeV energies.
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IceCube Lab

IceTop surface array
81 stations
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Figure 3.1: Illustration of the IceCube Neutrino Observatory, adapted from [310].
Panel (a) depicts the complete in-ice array including DeepCore, as well as the IceTop surface array. The location of AMANDA-II, the precursor to IceCube, is also
indicated. Raw IceCube and IceTop data is sent to the IceCube Lab (ICL) at the surface, which contains the online systems for data acquisition, triggering, and filtering.
Panel (b) shows a schematic of the digital optical module (DOM) that lies at the heart
of both IceCube and IceTop. Its main components are described in Section 3.1.2.

respectively, in order to detect neutrinos with energies between 100 GeV and 10
PeV.
The central DeepCore component of IceCube, which is designed to detect neutrinos down to energies of several GeV, comprises a denser subarray of 8 strings with
7-m vertical spacing and 70-m horizontal spacing. Complementary to IceCube, the
IceTop surface array consists of 162 ice tanks with two DOMs each—one with a low
gain and the other with a high gain to obtain a large dynamic range—and is used for
the detection of cosmic-ray air showers. Since DeepCore and IceTop are not directly
relevant to the study presented in this work, the reader is referred to [18, 311] for
more details on these instruments.
In the next couple of years, around 700 additional optical modules will be deployed over 7 strings between the existing DeepCore strings of IceCube, as shown
in Figure 3.2. This so-called IceCube Upgrade [312] will thus yield a denser array
with a vertical spacing of 3 m and a horizontal spacing of 20 m. As such, the IceCube
Upgrade will allow us to probe neutrino physics down to GeV energies and perform
detailed calibrations of the ice. The latter is also expected to improve the reconstruction accuracies of the already existing IceCube data samples. Furthermore, several
novel designs for the optical modules [313–316] will be tested.
The IceCube Upgrade will lay the foundations for the future IceCube-Gen2
[141], illustrated in Figure 3.2. The optical component of IceCube-Gen2 is planned
to encompass a volume of 8 km3 around the existing IceCube array in the next
decade. With its current baseline design, a total of 9,600 optical modules will be
deployed between depths of 1325–2575 m over 120 strings, with average horizontal and vertical spacings of 240 m and 16 m, respectively. While this optical in-ice
component will target astrophysical neutrinos with energies up to 10 PeV and aim
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Figure 3.2: Schematic illustration of the future expansions of IceCube, taken from
[314]. The IceCube Upgrade, a dense subarray of 7 strings, will be built over the next
years. The current design of IceCube-Gen2 consists of an optical in-ice array with a
volume of 8 km3 , and above that, a radio surface array covering an area of 500 km2 .

to identify their sources, the radio component of IceCube-Gen2 will search for neutrinos in the PeV–EeV regime (Figure 1.18). The current baseline design plans to
construct an array of 200 radio stations—covering an area of 500 km2 —consisting
of both surface and 200-m deep radio antennas. Combining the optical and radio
components of IceCube-Gen2 will thus yield an unprecedented coverage of the astrophysical neutrino spectrum in the GeV–EeV range.
From this point onward, the focus lies exclusively on the current IceCube detector, and its usage for the study of high-energy astrophysical neutrinos and their
sources.5 Data recorded by the DOMs is sent via cables on the strings (or tanks) to
the surface, where they are collected in the IceCube Lab (ICL). The ICL contains
all online systems (Section 3.1.3) responsible for the data acquisition (DAQ) as well
as data processing and filtering (PnF). These systems construct physics events from
the data, which correspond to different detection patterns in IceCube (Section 3.1.4).
These events form the foundation of all IceCube analyses, which typically search for
a small astrophysical signal in data dominated by atmospheric backgrounds (Section 3.1.5). To assess the performance of such analyses, dedicated simulations are
required (Section 3.1.6). In the following, a more detailed overview is given of these
different topics.

3.1.1

Detection Principle

When a high-energy (Eν & 100 GeV) neutrino ν` or antineutrino ν ` of any leptonic
flavor ` ∈ {e, µ, τ} traverses the South Pole ice, it can interact weakly with an ice

5 It is worth pointing out that IceCube is also used to search for indirect signatures of dark matter in
astrophysical objects. Furthermore, observations of atmospheric neutrinos allow to perform detailed
studies of fundamental neutrino physics (beyond the Standard Model). On top of that, IceCube’s
unique location allows to perform geological studies of the South Pole. See [114, 115] for an overview
of the most recent IceCube studies.
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nucleus N via two possible deep-inelastic-scattering6 (DIS) channels,
W+

ν` + N −−−→ ` − + X,
W−

Z0

ν` + N −−−→ ν` + X,
Z0

ν ` + N −−−→ ` + + X ,
|
{z
}

ν ` + N −−−→ ν ` + X .
|
{z
}

charged current

neutral current

(3.1)

On the one hand, the (anti)neutrino can interact via the charged-current (CC) channel through the exchange of an electrically charged W ± boson. In this process,
the (anti)neutrino is converted to a relativistic charged lepton ` ∓ of the same flavor, which carries &50% of the original (anti)neutrino energy7 [94]. On the other
hand, in a neutral-current (NC) interaction, the (anti)neutrino scatters off the nucleus through the exchange of an electrically neutral Z 0 boson. In both CC and NC
interactions, the ice nucleus is shattered, and its fragments X result in the production of a relativistic hadronic shower8 in the surrounding ice. For CC interactions,
this shower carries the remaining (anti)neutrino energy that was not transferred to
the charged lepton, while for NC interactions, the (anti)neutrino transfers roughly
between 20–30% of its energy to the shower [317].
Figure 3.3 shows the cross section of (anti)neutrino interactions with oxygen9
nuclei over the energy range relevant to IceCube, as predicted by the Standard Model
[318] (see also Appendix B). For all flavors, the CC cross section exceeds that of NC
DIS by a factor ∼3. For each interaction, the cross section for neutrinos slightly
exceeds that of antineutrinos, although they become identical above ∼1 PeV. IceCube observations of the (anti)neutrino-nucleon cross section are consistent with
these Standard-Model predictions [319, 320]. Figure 3.3 also shows the subdominant contributions of (anti)neutrino CC DIS in which an on-shell10 W ± boson is
produced. However, around 6.3 PeV, ν e become capable of producing an on-shell
W − boson through the CC interaction with atomic electrons. This process is known
as the Glashow resonance11 [322], which dominates the ν e -ice cross section at 6.3
PeV. Nevertheless, it should be noted that the overall (anti)neutrino-ice cross section discussed here is small. It is roughly a factor 107 –108 smaller compared to
the total cross section of pp-interactions, which is O(100 mb = 10−25 cm2 ) for the
energies relevant here (see Figure 1.4). The low expected flux of high-energy astrophysical (anti)neutrinos (Section 1.2.1) combined with their small interaction cross
sections is the main motivation behind the 1-km3 size of IceCube.

6 At the energies relevant to IceCube, the neutrino is capable of probing the inner structure of the
ice nucleus. It therefore interacts with a quark within one of the nucleons that compose the nucleus.
In particle physics, this is referred to as deep inelastic scattering.
7 The exact amount depends on the inelasiticity of the deep inelastic scattering, i.e. the fraction of
neutrino energy that is deposited into the hadronic component X.
8 These hadronic showers contain a plethora of relativistic particles, both charged and neutral.
They are analogous to the cosmic-ray showers described in Section 1.1.1; the difference here is that the
shower propagates through ice instead of air.
9 Recall that ice molecules consist of two hydrogen nuclei, i.e. two protons, and one oxygen nucleus
formed by eight protons and eight neutrons.
10 In quantum field theory [321], on-shell force mediators are real particles with fields that obey the
equations of motion. Off-shell mediators, on the other hand, are described as “virtual” particles that
do not satisfy this condition.
11 Indications of the first ever Glashow event in IceCube were recently reported in [96], as discussed
in Section 1.2.1.
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Figure 3.3: Cross section σ of (anti)neutrino-ice interactions as a function of the
(anti)neutrino energy Eν , taken from [318]. Charged-current (CC) and neutralcurrent (NC) deep inelastic scatterings (DIS) are denoted by the cyan and magenta
dashed lines, respectively. In each case, the upper line corresponds with ν` ≡ ν interactions, and the lower line corresponds with ν ` ≡ ν interactions. Solid lines represent
the cross section for CC DIS that results in the production of an on-shell W ± boson.
The orange dashed line indicates the Glashow resonance, which yields a peak in the
ν e -ice cross section around 6.3 PeV.

Neutrino-ice DIS interactions such as those described above produce highly relativistic charged particles that travel through the medium with a speed v higher
than the speed of light in that medium—c/n(λ) with n(λ) the wavelength-dependent
refractive index. This creates a shock front12 of electromagnetic radiation, also
known as Cherenkov emission13 [324, 325]. Cherenkov radiation is emitted in a
cone around the charged particle (see also Figure 3.5), which is characterized by the
opening angle
1
cos θc =
,
(3.2)
n(λ) β
where β = v/c. This angle is also known as the Cherenkov angle, and for highly
relativistic particles (β ≈ 1) traveling through ice (n ≈ 1.32 between 300–600 nm) it
has a value θc ≈ 41° [326, 327]. The number of Cherenkov photons dNγ emitted by
a particle with charge Ze, per unit of wavelength dλ and distance dx, is given by the
Frank-Tamm relation [14, 325],
dNγ

2παZ 2
sin2 θc
dλ dx
λ2
!
2παZ 2
1
=
1− 2
,
λ2
n (λ) β 2
=

(3.3)

with α ≈ 1/137 the fine-structure constant. The Cherenkov spectrum is therefore
12 This effect is analogous to a fighter jet creating a shock wave of sound when traveling faster than

the speed of sound in air, resulting in a loud “bang” when the shock front reaches an external observer.
13 Although named after Pavel Cherenkov, who discovered the properties of this radiation in the
1930s, the phenomenon itself was originally recorded by Marie Curie in 1910 [323].
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continuous and its intensity increases for shorter wavelengths.14 It typically peaks
in the UV regime, since at shorter wavelengths a cutoff is encountered where Equation (3.3) is no longer satisfied.
As we shall discuss in Section 3.1.2, IceCube DOMs are designed to observe the
Cherenkov radiation emitted by the charged particles produced in (anti)neutrinoice interactions. The remote location of the detector is chosen due to the fact that
glacial ice is one of the most transparent solids for photons with wavelengths between 300–500 nm [329, 330]. Furthermore, at the depths of IceCube, photon scattering becomes minimal, since air bubbles trapped in the ice—the major source of
scattering at relatively shallow depths—succumb under the pressure of the glacier
[331]. Figure 3.4 shows the scattering and absorption coefficients15 of the South Pole
ice reported in [330], as a function of both depth and wavelength. Below ∼1400 m,
the depth-dependent structure of both coefficients originates from insoluble dust
impurities16 and volcanic ashes [332]. One particularly large concentration of dust
and ashes is observed at ∼2000 m depth,17 which is colloquially referred to as the
“dust layer.”
Even though the South Pole ice is an ideal medium for a Cherenkov telescope, a
detailed understanding of the ice properties is imperative for the reconstruction of
detected events in IceCube. Using light-emitting diode (LED) flashers on the DOMs
(Figure 3.1), in-situ measurements have not only probed the transparency of the

Figure 3.4: Optical/UV properties of the glacial ice at the South Pole as a function
of depth and photon wavelength [330]. The left panel shows the effective scattering
coefficient, also indicating the contribution of air bubbles which becomes negligible
below 1300 m. The right panel shows the absorptivity, which is compared to that
expected for pure ice. Depth-dependent impurities in the form of dust and ashes are
the main causes of absorption and scattering in the South Pole ice. The prominent
impurity around a depth of 2000 m is called the dust layer.

14 This is why Cherenkov light has a characteristic blue glow which can be observed with the naked
eye in e.g. open-pool nuclear reactors [328].
15 These coefficients are the inverse of the mean free path of photons w.r.t. scattering and absorption.
Hence, they give a measure for the amount of scattering and absorption that occurs in the ice.
16 The dust is comprised of mineral grains, sea-salt crystals, acids, and soot [330].
17 This layer accumulated some ∼6.5 × 104 yr ago in the midst of the Last Glacial Period [333], and
is associated with major volcanic activity [332].
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surrounding ice [334], but also found evidence for anisotropies in the photon attenuation correlated with the flow18 of the glacial ice sheet [335, 336]. Such studies of
the ice properties allow us to continuously improve the ice models used in event
reconstructions. However, current uncertainties in these ice models remain one of
the main systematic effects in IceCube searches (see also Section 5.1.4).

3.1.2

Digital Optical Modules

Panel (b) of Figure 3.1 displays the various hardware components that comprise
an IceCube DOM. The most prominent component is the photon-multiplier tube
(PMT), which is designed to detect individual Cherenkov photons with wavelengths
between 300–650 nm. When a photon reaches the PMT, it will create a photoelectron (PE) through the photoelectric effect, which serves as a measure for the charge
deposited at the DOM. A high-voltage (HV) gain multiplies the original electron to
107 electrons, which on their turn yield an analog electric signal. The charge deposited by these electrons is typically measured in terms of 1 PE ≡ 107 e = 1.602 pC.
The optimal quantum efficiency—i.e. the ratio of detected photoelectrons w.r.t. the
number of incident photons—of most PMTs is 25% at 390 nm, whereas DeepCore
PMTs have a higher quantum efficiency of up to 34% [337]. In order to shield the
PMT from the geomagnetic field, which affects the electron collection efficiency, it is
encased in a mu-metal grid. Finally, the PMT is secured within the glass housing of
the DOM by an optically clear RTV-silicon gel.
Whenever a charge threshold of 0.25 PE is reached, a so-called hit is recorded,
and the analog waveform of the PMT is captured and digitized by the DOM Main
Board. To record the waveform down to about 75 ns before the start of the threshold
excess, the PMT signal is first routed through the delay board, which essentially
consists of a 10-m wound-up copper wire. The waveform digitization is performed
by both a custom-built Analog Transient Waveform Digitizer (ATWD, see also [338])
and a fast analog-to-digital converter (fADC), which is made of switched capacitor
arrays. The ATWD records 427 ns of the waveform at a high sampling rate of 3 × 108
samplings per second (sps), and it utilizes three different channels with varying
amplifier gains to avoid saturation during readout. In order to include the weaker
contribution of photons that traveled longer distances in the ice, the fADC covers a
longer time window of 6.4 µs at a lower sampling rate of 4 × 107 sps.
The DOM Main Board is also responsible for controlling and supplying power to
all electronic components inside the module, as well as communicating with neighboring DOMs and the DAQ system at the surface. In addition, it takes care of the
DOM calibration. Due to their excellent stability, calibration of the PMT waveforms is only required once per year in IceCube (monthly for IceTop to account for
changes in temperature). This calibration is performed using DOMCal [310], a software package which utilizes inputs from dedicated electronic components on the
DOM Main Board with known references for single photoelectrons, electric charges,
voltages, and timing. Furthermore, calibration of the internal DOM clocks is performed continuously during data taking using the Reciprocal Active Pulsing Calibration (RAPCal) software [338]. RAPCal translates timestamps from each DOM
clock to synchronized clocks in the ICL, and its calibration is occasionally verified
between neighboring DOMs using the LEDs on the Flasher Board. Apart from time

18 Just like water in a river, ice in a glacier is not static but flows downstream at a rate of O(10 m yr−1 )

[335, 336].
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calibration, LED flashing is also used to accurately determine the relative DOM positions in the ice, as well as measuring local ice properties.
All DOM electronics have been designed to last for a couple of decades, while
their glass housing protects them from the surrounding pressures of the glacial
ice. DOM reliability is imperative for detector operations, since direct access to
the DOMs has become impossible since their deployment.19 In 2016—5 years after
the completion of IceCube—98.4% of all DOMs (including IceTop) were operating
smoothly, with most DOM failures occurring during deployment. By 2030, the overall DOM survival fraction is expected to be 97.4 ± 0.3% [310].

3.1.3

Data Acquisition & Online Processing and Filtering

Every second, the central DAQ system [338] collects the hit data that is stored on the
Main Board of each DOM. The amount of information sent to the surface depends
on whether the hit was recording in hard local coincidence (HLC), i.e. within a
time window of ±1 µs, with another hit in at least one of the neighboring or nextto-neighboring DOMs. For HLC hits the complete waveform is sent to the surface,
since they are expected to be causally connected to the Cherenkov emission of highenergy particles. On the other hand, soft-local-coincidence (SLC) hits—those that
do not satisfy the HLC condition—are mainly caused by dark noise. Effects that
contribute to the overall dark-noise rate include electronic noise, radioactive decays,
and luminescence in the glass components of the DOM. Since SLC hits are unlikely20
to be caused by high-energy physics events of interest, only a time signature and
brief charge summary are transmitted to the central DAQ.
Subsequently, in order to select hits induced by high-energy particles while avoiding contamination of stray noise, the data is required to pass a certain trigger threshold for it to be read out. The main trigger in IceCube is the simple multiplicity trigger (SMT), which searches for causally connected HLC hits in the data stream. The
SMT or SMT-8 requires a minimum21 of 8 HLC hits within a sliding time window of
5 µs. The complete data-readout window of the SMT-8 covers 4 µs before and 6 µs
after the trigger conditions are satisfied. Other triggers (see [310] for an overview)
combine similar hit-multiplicity requirements with some additional topological criteria. Since multiple trigger conditions can be satisfied simultaneously, all trigger
windows are combined into one Global Trigger. A readout of Global-Trigger data is
called a DAQ event, which is written to disk and prepared for further processing.
The median22 trigger rate of DAQ events in IceCube is 2.7 kHz, which corresponds
to a data-storage consumption of 1 TB day−1 [310]. The storage disks are collected
and transferred to Madison, Wisconsin on a yearly basis.
Next, the DAQ sends its recorded events to the online PnF system. Here, the DAQ
events are first split into multiple physics events corresponding to the different
triggers that were launched during the Global-Trigger window. In this work, only
19 The deployment of the IceCube strings was performed over several austral-summer seasons between 2005–2011 using a dedicated hot-water drill designed to melt the glacial ice [339]. Once the
holes were drilled, the strings were lowered into them, after which the water inside the holes refroze.
As such, the DOMs are now permanently frozen inside the South Pole glacier.
20 The per-DOM dark-noise rate is 560 Hz (780 Hz for DeepCore DOMs). For comparison, the HLC
hit rate associated with cosmic-ray muons ranges between 5–25 Hz [310].
21 Since the causality argument fundamentally depends on the inter-DOM spacing, the SMT requires at least 3 (resp. 6) hits in a sliding time window of 2.5 µs (resp. 5 µs) for DeepCore (resp. IceTop).
22 The majority of triggered events are cosmic-ray muons, whose rate varies seasonally between 2.5
kHz and 2.9 kHz [18].
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physics events passing the SMT-8 are considered, which are subsequently cleaned to
further remove hits that are caused by noise and low-energy particles. More details
on the event-splitting and hit-cleaning procedures can be found in [340]. At this
stage, the data needs to be filtered in order to:
• Select physics events of interest for IceCube analyses. The filters that are applied depend on the analysis in question; a detailed description of the event
selection and the corresponding filters relevant to this thesis will be given in
Section 3.3.1.
• Reduce the global event rate to a level that can be accommodated by the available satellite bandwidth of 100 GB day−1 for data transmission. Hence, the
online filters are gauged in such a way that the rate of events which pass at
least one filter comprises roughly 15% of the total DAQ event rate [310].
Finally, it is worth mentioning that the continuously-operating online systems of
IceCube achieve an excellent data-taking performance [310]. The average uptime
of IceCube, i.e. the fraction of time that the detector is actively taking data, exceeds
99%. This uptime can largely be attributed to the IceCube winterovers,23 who can
swiftly repair software or hardware failures on site. Moreover, the time fraction that
the detector operates with its full 86-string configuration, the so-called clean uptime, lies between 97–98% on average. The remaining 2–3% are data-taking periods
where only a part of the detector configuration is active, or where maintenance or
calibration is taking place.

3.1.4

Event Signatures

The waveform of each DOM hit that forms part of an event yields a measure for the
deposited charge in that DOM. Since the Cherenkov light yield is directly proportional to the energy loss of the radiating particles [341], the total deposited energy
of an event is found by combining the recorded charges of all DOMs. The overall
deposited-energy resolution of IceCube is ∼10–15% [317]. In addition, the O(ns)
time resolution of the array allows us to accurately separate DOM hits in time [310].
Combined with the event geometry, the timing is used to obtain directional information of the high-energy particles that caused the event, as discussed below.
Event signatures in IceCube are broadly classified in terms of their topology. For
neutrino-induced events, this topology depends on the type of neutrino interaction
in the ice—see Equation (3.1) and also Appendix B for related particle decays. A
summary of the event topologies corresponding with the different neutrino-ice interactions is presented in Table 3.1; a more detailed description on these event signatures follows in the upcoming paragraphs. Note that neutrinos and antineutrinos
of the same flavor ` ∈ {e, µ, τ} yield the same event signatures in the detector. As a
consequence, they cannot be distinguished with IceCube on an event-by-event basis.
From this point onward they will both be referred to as neutrinos, ν` ≡ ν` + ν ` , and
no explicit distinction will be made between other particles and their antiparticle
counterparts.

23 Two IceCube winterovers spend a complete year at the South Pole, including 9 months of isolation

from the rest of the world, to actively maintain the online systems of the detector. In addition, remote
monitoring of the detector is performed by all members of the IceCube collaboration using a dedicated
website called IceCube Live, available at https://live.icecube.wisc.edu/.
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νe + ν e

νµ + ν µ

ντ + ν τ

CC interaction

Cascade

Track (+ cascade)

Cascade / Double Bang [83%]
Track (+ cascade) [17%]

NC interaction

Cascade

Cascade

Cascade

Table 3.1: Overview of the event signatures in IceCube for all neutrino flavors and
interaction channels given in Equation (3.1). Neutrinos and antineutrinos can generally not be distinguished. The double-bang signature for tau neutrinos can only be
discerned from a single cascade at the highest energies. Tracks are only accompanied
by a cascade if the neutrino-interaction vertex is located within the detector volume.

Tracks
Muons are relatively long-lived particles which are capable of traversing several
kilometers of ice at energies above 100 GeV [317]. Therefore, a muon is capable of crossing the entire IceCube array, leaving behind a track-like signature in
the detector. An example of such a track is shown in the left panel of Figure 3.5.
Hence, tracks form a golden channel to probe νµ through the CC interaction. A
minor contribution of tracks is expected to come from CC interactions of ντ , since
the secondary tau decays into a muon 17% of the time [14]. Tracks observed in
IceCube are mostly produced by atmospheric muons and atmospheric muon neutrinos produced in cosmic-ray air showers, which form the main background for
astrophysical-neutrino searches (Section 3.1.5).
The track geometry allows for an excellent directional reconstruction of the muon
trajectory, which is directly linked to the arrival direction of the original neutrino.
As will be shown in Section 3.2.1, a subdegree angular resolution is achieved on
the muon direction in IceCube for muon energies Eµ & 1 TeV, making tracks ideal
for neutrino astronomy. Furthermore, most tracks have a neutrino-interaction vertex that lies outside of the instrumented volume. This increases the effective volume
of IceCube for this type of events, resulting in a larger νµ detection rate compared to
other flavors. However, this same effect means that we typically cannot determine
the muon energy at the vertex, which is required to obtain an estimate of the original neutrino energy. A proxy for the muon energy can be inferred from its radiative
energy-loss pattern in IceCube (Section 3.2.3), which serves as a rough lower limit
on the neutrino energy.
Cascades
All neutrino interactions result in the fragmentation of an ice nucleus, producing
a hadronic shower in the ice. Since such a shower develops at scales much smaller
than the inter-DOM spacing of IceCube—the typical shower size is roughly 10 m
[317]—only the collective Cherenkov emission of the particles is observed. Due
to the scattering of the photons, the resulting event signature from such a shower
has a relatively spherical morphology, called a cascade, which is illustrated in the
right panel of Figure 3.5. Hence, NC interactions of all neutrino flavors yield such a
cascade signature.
In addition, electrons produced in CC interactions of νe produce an electromagnetic shower due to their radiative energy losses, which blends in with the hadronic
shower. The collective Cherenkov emission of both showers is observed as a single
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0 µs

Time of ﬁrst pulse in DOM

~4 µs

Figure 3.5: Top: Schematic of the two major event topologies in IceCube, adapted
from [327]. On the left, a muon is shown traversing the detector in an upgoing direction. Its Cherenkov emission is characterized by the angle θc . On the right, a
particle cascade is shown, whose physical size is smaller than the inter-DOM spacing of IceCube. This results in a somewhat spherical Cherenkov front. Note that the
relative PMT spacing is not to scale. Bottom: Event displays, adapted from [340], of
a 75-TeV muon track (left) and an O(PeV) cascade (right). DOMs that recorded a hit
are represented by colored spheres, where the size of a sphere is proportional to the
measured charge. The color scale indicates when the DOM hits were recorded relative to the first hit. The track in this display is upgoing, and a region is visible where
no track hits were recorded. This region corresponds to the dust layer (Figure 3.4),
thus illustrating the impact of dust impurities to IceCube signals.
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cascade. Finally, most CC interactions of ντ are also observed as single cascades,
since the secondary tau decays hadronically or to an electron with branching ratios
of 65% and 18%, respectively [14]. Both of these decays result in the production of a
secondary particle shower whose emission cannot be distinguished from the original
hadronic shower, except at the highest energies, as will be discussed below.
Due to the spherical geometry of cascades, the shower direction can only be inferred from the time profile of DOM hits. Consequently, the angular resolution of
cascades is limited to &8° [121]. On the other hand, since particle showers develop
completely within the detector volume, IceCube acts as a calorimeter for this type of
events. Hence, within the sensitive energy range of IceCube, all the energy deposited
by the neutrino is measured, which is a good approximation for the neutrino energy
in νe or ντ CC-induced cascades. However, for NC-induced cascades, only a fraction
of the neutrino energy is deposited in the detector. Since νe or ντ CC and all NCinduced cascades cannot be distinguished on an event-by-event basis, the deposited
energy is always considered to be a lower limit on the true neutrino energy.
Double Bangs
The tau produced in a CC interaction of a ντ has a decay length of roughly 50 m ×
(Eτ /PeV) [105]. Hence, for Eτ & 1 PeV, the distance traveled by the tau exceeds
the vertical inter-DOM spacing of IceCube, yielding an observable displacement in
the detector. When the tau eventually decays, the secondary shower produced in
83% of its decays will be observed as a second cascade that is clearly separated
from the neutrino-interaction vertex. This second cascade can have a higher energy deposition than the first cascade—which has 25% of the original ντ energy on
average [106]—allowing for additional discriminating power w.r.t. other neutrino
flavors [105]. Thus, such a double-cascade signature, known as a “double bang,” is
a golden channel to probe ντ at the highest energies. However, due to the low neutrino flux at these energies, only one candidate astrophysical ντ has been identified
with a double-bang signature to this date24 [105], as mentioned in Section 1.2.2.

3.1.5

Astrophysical Signal versus Atmospheric Background

The main background for astrophysical-neutrino searches with IceCube consists of
atmospheric muons and atmospheric neutrinos produced in cosmic-ray air showers,
as shown in Figure 3.6. Both originate from the decay of mesons—mainly pions and
kaons—like those described in Section 1.1.2. Atmospheric muons [343] dominate
the observed DAQ event rate of 2.7 kHz at trigger level. However, due to the location of IceCube, these atmospheric muons only form a background in the Southern
Sky, since they are only capable of traversing a handful of kilometers through the
Earth [14]. Thus, for declinations δ & −5°, the background in IceCube is reduced
drastically to the atmospheric-neutrino level. Atmospheric neutrinos [344,345] are
capable of traversing the entire Earth, and therefore form an irreducible background
over the full sky with a detection rate of O(mHz). Note that this is still several orders
of magnitude higher than the astrophysical event rate of O(µHz) (see Section 3.3 for
more details). Nevertheless, the atmospheric background rates are only dominant
24 The double-bang signature of this candidate ν event is subtle, since the vertices of the two casτ
cades are only separated by 17 ± 2 m [105]—a “double bangetje” in Anglo-Dutch lingo. It is worth
noting that a complementary IceCube study [342] searched for double pulses in the waveform of a
single DOM, which would indicate the presence of two distinct cascades induced by a ντ . This independent analysis also identified the same candidate astrophysical ντ event.
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Figure 3.6: Illustration of the atmospheric backgrounds in the searches for astrophysical neutrinos (dashed orange arrow) in IceCube, adapted from [340]. Cosmic
rays (in this case protons) create air showers, producing atmospheric muons (solid
blue arrows) and atmospheric neutrinos (dashed blue arrows). Atmospheric muons
dominate the observed event rate in IceCube, but only form a background in the
Southern Sky since they cannot reach the detector from the Northern Hemisphere.
Atmospheric neutrinos, on the other hand, form an isotropic background over the
full sky. Events (usually tracks) from the Southern and Northern Hemispheres are
labeled as downgoing and upgoing events, respectively.

at relatively low energies, i.e. below O(100 TeV), since the energy spectrum of atmospheric muons and atmospheric neutrinos is relatively soft and well-described by an
−2.7
E −3.7 power law25 [343–345]. This is steeper than the ECR
spectrum of the parent
cosmic rays (see Section 1.1.1), due to the energy losses suffered by the propagating
air-shower mesons before decaying.
To discern astrophysical neutrinos from the atmospheric background above several tens of TeV, diffuse analyses exploit the fact that astrophysical neutrinos have
a comparatively harder spectrum (∼E −2.5 ; see Section 1.2.1). In addition, different techniques are applied to mitigate the overwhelming detection rate of atmospheric muons. For example, one can focus on cascade signatures [93], since atmospheric muons solely yield tracks in the detector. Moreover, the high-energy starting
event sample (HESE) [91] uses the edges of the detector as a veto layer, since atmospheric muons cannot produce events that start in the detector. Combined with a
total deposited-charge requirement of Qtot ≥ 6,000 PE in the detector, the HESE
method resulted in the discovery of the diffuse astrophysical-neutrino flux in 2013
[7, 8]. Another approach is to only consider events in the Northern Sky, where the
atmospheric-muon component is absent. The diffuse IceCube analysis in the Northern Sky focuses on νµ only [92], exploiting the increased effective detection volume
of IceCube compared to other flavors (Section 3.1.4).
Searches for neutrinos from astrophysical sources, like the ULIRG stacking analysis presented in Chapter 4, apply different strategies to identify a signal component in the background-dominated data. Since atmospheric events are distributed
25 Above 100 TeV, a second, harder contribution is expected to arise in the atmospheric-neutrino
spectrum due to the decay of charmed hadrons in air showers. This so-called “prompt” component
is yet to be observed. The low flux of atmospheric neutrinos and the dominant contribution of the
astrophysical component at these energies are the major challenges for the detection of the prompt
atmospheric background [344, 345].
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isotropically over a celestial hemisphere, such analyses search for a clustering of
events on the sky, typically around the locations of interesting astrophysical sources
(e.g. ULIRGs). As a consequence, neutrino-source analyses generally use event selections that solely consist of tracks, because of their superior angular resolution.
Furthermore, events with higher energies are given a larger weight in the analysis,
since they are more likely to be of astrophysical origin. In any case, the event selections for such searches are typically performed separately over the Northern and
Southern Sky to take into account the different background characteristics of both
hemispheres. The event selection used in this work will be discussed in Section 3.3.

3.1.6

Event Simulation

Monte-Carlo (MC) simulations of events form a key element in testing the performance of reconstructions, event selections, and IceCube analyses in general. Neutrino-induced events are simulated using the ANIS (All Neutrino Interaction Simulation) framework [346]. Here, neutrinos with a chosen power-law spectrum—
typically a hard Eν−1 or Eν−2 spectrum to obtain enough statistics at the highest energies—are generated uniformly over the full surface of the Earth. They are then propagated towards IceCube and forced to interact within or near the detector volume.
Each simulated neutrino event is given a weight that is proportional to its interaction probability with which the secondary particles can be observed in IceCube. This probability compensates for the forced interaction and depends on the
neutrino-ice DIS cross section (Figure 3.3). However, for neutrinos coming from
the Northern Hemisphere, one also has to take into account that neutrinos can interact with the Earth before reaching IceCube. As shown in Figure 3.7, the Earth
becomes opaque to neutrinos with energies26 Eν & 100 TeV. The simulated-event
weight therefore includes the Earth transmission probability of the neutrino. The
final weight used for the analysis of the simulated data includes a term that scales
the neutrino-generation spectrum to any arbitrary neutrino spectrum of interest.
The atmospheric-muon background is generated using a cosmic-ray air-shower
simulator called CORSIKA (Cosmic Ray Simulations for Kascade) [347]. The cosmicray primaries of the showers are generated according to a user-defined spectral
model [347]. The muonic component of the shower that reaches the surface is then
further propagated through the ice [348]. Muons that reach IceCube are subsequently stored, and they can be rescaled to any arbitrary spectrum analogous to
simulated neutrino events.
The final step is to simulate the propagation of charged particles inside or near
the detection volume, as well as the corresponding Cherenkov-light yields. In this
work, muon tracks are the main events of interest. For both atmospheric and astrophysical track events, the muon propagation and light yield is simulated using
the MMC (Muon Monte Carlo) framework [349, 350]. The MMC also propagates the
Cherenkov photons through the ice. Finally, for photons that reach a DOM, specific
IceCube software simulates the response of the PMT and other relevant DOM electronics. The resulting waveforms are subsequently stored and passed through the
DAQ and PnF software. For a certain event selection of interest, one can therefore
obtain a corresponding MC sample that attempts to reflect the observed data.

26 Consequently, the field of view of IceCube is limited to the Southern Sky at the highest energies.
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Figure 3.7: Transmission probability of neutrinos traversing the Earth, taken from
[319]. The left panel illustrates the Earth, consisting of a core and mantle, as well as
the location of IceCube. The right panel presents the transmission probability as a
function of both zenith angle and neutrino energy.

3.2

Reconstruction of Track Events

As will be motivated in Section 3.3, the event selection for the IceCube search presented in this work is solely focused on tracks. In the following, a description is
given of the various track-reconstruction algorithms that are used in the event selection. For each individual event, these algorithms allow us to obtain estimates
for the track direction, its angular uncertainty, and the muon energy at the detector.
These quantities form the key ingredients for the ULIRG stacking analysis presented
in Chapter 4. Note that the reconstruction of the track direction is performed in
detector coordinates, i.e. in terms of the zenith θ and azimuth φ, which are subsequently translated to equatorial coordinates. Due to IceCube’s location at the South
Pole, the zenith, θ, is simply related to the declination, δ, as θ = δ + π/2, while the
azimuth at the time of observation directly yields the corresponding right ascension.

3.2.1

Angular Reconstruction

LineFit
The most primitive angular-reconstruction method is one which attempts to minimize the distance between the N DOMs that recorded a hit and the muon track
hypothesis. The muon is assumed to travel in a straight line with a constant velocity
v, such that the track—the muon position as a function of time—is parameterized as
r(t) = r0 + v(t − t0 ),

(3.4)

where r0 ≡ r(t0 ) is the position at some time t0 . Let xi be the position of the i th DOM
that recorded a hit at a time ti , for i ∈ {1, 2, ..., N }. The LineFit method [351] then
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searches for
arg min

N
X

(t0 ,r0 ,v) i=1

ϕ (|r(ti ) − xi |) ,

where the Huber cost function [352] is defined as


2

for ∆x < µ,
(∆x)
ϕ(∆x) = 

µ(2∆x − µ) for ∆x ≥ µ.

(3.5)

(3.6)

For small DOM-track distances ∆x < µ, LineFit is reduced to a least-squares optimization problem. In this regime, hits are given a quadratic weight since they are
assumed to be strongly correlated with the track. On the other hand, the Huber cost
function for ∆x ≥ µ penalizes hits that occurred far away from the track by giving
them a linear weight, since these hits are more likely to be caused by noise. The
choice for the parameter µ is optimized by calibration to IceCube data [351].
The optimization problem given above can be solved analytically [351]. As such,
the LineFit reconstruction allows for a coarse estimate of the track parameters
(t0 , r0 , v) without the need for a time-consuming numerical minimization. Photonscattering effects are mitigated by excluding DOM hits that were likely caused by
such scattered photons. However, since LineFit does not take into account any
Cherenkov effects—it simply assumes that the muon emits a plane wave perpendicular to its direction of motion—the reconstruction is only a crude approximation
of the track. Nevertheless, due to its fast performance, LineFit is used as the first
track-reconstruction method in the data-processing chain. Its results are then used
as a seed that is required for subsequent reconstruction algorithms.
SPE Fit
The next angular-reconstruction method considers a relativistic muon with constant
velocity v = cêv that emits Cherenkov radiation, where êv is described by a zenith
angle θ and azimuth angle φ in detector coordinates. As discussed in Section 3.1.1,
this emission is characterized by the Cherenkov cone θc ≈ 41°. Using the geometry
and quantities defined in Figure 3.8, and neglecting photon scattering, the expected
arrival time of a Cherenkov photon in DOM i can be expressed as
tgeo,i = t0 +

1
[ê · (x − r ) + d tan θc ] .
c v i 0

(3.7)

The difference between the time of the recorded hit time and the expected arrival
time defines the time residual
tres,i ≡ thit,i − tgeo,i .

(3.8)

Let P1 (tres ) denote the probability density function (PDF) for time residuals corresponding to the detection of a single photon. Through the definition of tres , this PDF
is a function of the track parameters θ = (r0 , θ, φ). We can then define the singlephotoelectron (SPE) likelihood as
LSPE (θ) =

N
Y
i=1

P1 (tres,i |θ),

(3.9)
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Figure 3.8: Geometry used for SPE track-reconstruction method, adapted from [327,
340]. A muon µ with velocity v = cêv emits Cherenkov radiation at the Cherenkov
cone θc . At some time t0 , the muon was located at r0 along the track. Its emission
reaches DOM i located at xi , which is separated by a distance d from the track.

with N the total number of DOMs that recorded a hit. The SPE-fit method [327]
then searches for
θ̂ = arg max LSPE (θ),
(3.10)
θ

i.e. those track parameters that maximize the SPE likelihood. See Section 4.1 for the
statistical formalism behind this likelihood concept.
The SPE-likelihood maximization requires a seed, which is provided by the LineFit reconstruction. In addition, it uses an analytical expression for the PDF called
the Pandel function [353], which describes the time-residual profile for a single
photon propagating through the South Pole ice. The Pandel function takes the form
"
!
#
d/λ−1
1 τ −d/λ tres
1 cn
d
P (tres ) =
exp −tres
+
−
,
(3.11)
N (d) Γ (d/λ)
τ λa
λa
and is normalized by
N (d) = e

−d/λa

τc
1+ n
λa

!d/λ
.

(3.12)

Here, λa and cn represent the photon-absorption length and the speed of light in
ice, respectively. The parameters λ and τ were determined empirically by fitting
the Pandel function PDF to a South-Pole ice model [327]. Apart from tres itself, the
DOM-track distance d is the only quantity that depends on the track parameters
(Figure 3.8).
Note that the Pandel function is only defined for positive tres , which makes sense
from a purely geometrical standpoint. However, the occurrence of negative time
residuals is possible due to the non-zero time resolution of the PMTs, σt . To mitigate
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these PMT effects,27 the Pandel function is convoluted with a Gaussian PDF centered
around zero with a width σt [354],
"
#
Z∞
(tres − t 0 )2
P (t 0 )
exp −
dt 0 .
(3.13)
P1 (tres ) =
√
2
2σ
2πσ
0
t
t
This convolution can be solved analytically, yielding the PDF that enters the SPE
likelihood of Equation (3.9).
The analytic formulation of the Gaussian-convoluted Pandel PDF allows for a
fast evaluation of the SPE likelihood. Furthermore, its integral can be solved analytically [327], which is convenient for a more elaborate track reconstruction (see
below). Hence, the SPE fit yields a more precise reconstruction compared to LineFit
(Figure 3.9), without introducing a large cost in terms of computation time [340]. In
addition, the SPE likelihood provides a quality parameter to judge whether an event
actually corresponds with a track-like signature.
MPE Fit
It is possible to detect ni ≥ 1 hits in a single DOM i, especially in the case of highly
energetic muon tracks. To take this into account, it is shown in [327] that the SPE
likelihood in the maximization of Equation (3.10) can be expanded to the multiplephotoelectron (MPE) likelihood,

ni −1 
Z ∞
N 
Y




0
0
 .

ni P1 (tres,i |θ) 
(3.14)
|θ)
dt
P
(t
LMPE (θ) =


1


t
i=1

res,i

ni =1

Note that LMPE −−−−→ LSPE . The MPE likelihood therefore yields a more refined reconstruction compared to the SPE scenario at higher energies (Figure 3.9). Since
the integration in Equation (3.14) can be performed analytically and the MPE fit is
seeded by the SPE-fit results, the median computation time of the MPE-likelihood
maximization is at the level of its SPE counterpart [340].
SplineMPE Fit
The final angular-reconstruction method used for tracks in IceCube uses the same
likelihood of Equation (3.14), but considers a more precise description of the singlephoton PDF P1 . This description is obtained by performing detailed simulations
of photon propagation in ice for various track-DOM configurations. The results of
these simulations are then stored in lookup tables and subsequently interpolated
with multidimensional splines [355, 356]—hence the name SplineMPE. As such,
a continuous description of the PDF is obtained (see Section 4.2.1 for examples of
spline smoothing in a different context).
Compared to the analytic MPE fit, the SplineMPE approach allows us to introduce the following improvements to either the angular resolution, the computing
time, or both [340, 357]:
• By construction, a more detailed description of the glacial ice is achieved compared to the homogeneous model used in the Pandel function, by including
27 Concretely, effects that may cause negative time residuals are PMT timing jitter, and time de-

lays due to backwards illumination of the PMT (recall that the PMTs inside the IceCube DOMs face
downwards in the ice) [340].
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depth-dependent scattering and absorption effects as in Figure 3.4. Note that
anisotropies due to the flow of the glacier have not yet been taken into account
in SplineMPE.28
• Additional pulse cleaning takes place to take into account late DOM hits caused
by stochastic energy losses of the muon (Section 3.2.3). Recent efforts have
been able to model these stochastic losses directly into the PDF P1 , yielding
moderate improvements to the angular resolution [358]. However, these latest
implementations are not included in the data used in this work.
• The overall PDF that enters the SplineMPE likelihood includes an accurate
model of the PMT noise. In particular, it takes into account the shape of the
noise distribution after pulse cleaning.
• To obtain a better description in the transition region between the SPE and
m
MPE regimes, both likelihoods are combined as L1−m
SPE × LMPE in the maximization. The parameter m ∈ [0.4, 1] is a function of the muon energy. Its minimum
value yields optimal results for muon energies below 1 TeV, while its maximum value gives the best description for muons with energies above 300 TeV.
• PMT-related timing uncertainties were taken into account in Equation (3.13)
on a hit-by-hit basis. However, additional timing uncertainties on e.g. the relative clock synchronization of the DOMs and the signal transmission times to
the DAQ affect all PMTs in the same manner. Therefore, a second Gaussian
convolution is applied to the final likelihood in order to mitigate these uncertainties.

Performance Overview
The four angular-reconstruction methods described above are performed in the following order during the data-processing chain:
seed

seed

seed

LineFit −−−−→ SPE Fit −−−−→ MPE Fit −−−−→ SplineMPE Fit.
This procedure has an overall per-event computation time of O(100 ms), which can
be handled by the online PnF system [340]. Note that for this reason, the SplineMPE
settings are configured in such a way that a fast online reconstruction can be achieved, which comes at the cost of angular resolution. Subsequent offline data processing applies the full potential of the SplineMPE reconstruction using the fast
SplineMPE results as a seed. The offline SplineMPE fit currently yields the best angular resolution, although its computation time is roughly 10 times larger compared
to the online SplineMPE.
Figure 3.9 shows the median angular error of each reconstruction method for
simulated muon tracks, both as a function of muon energy and declination δ, at the
final level of the GFU event selection (see Section 3.3.1). Clear improvements in angular resolution are obtained with each subsequent reconstruction algorithm. Most
notably, the MPE algorithms yield better results at higher energies compared to the
LineFit and SPE methods. This improvement particularly affects downgoing events
(sin δ < 0), for which higher energy-threshold criteria are applied in the selection.
For upgoing events (sin δ > 0), Earth-absorption effects limit the rate of high-energy
28 For cascades, however, some progress has been made to include these particular ice anisotropies

in the reconstructions [347].
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Figure 3.9: Performance of the various angular-reconstruction algorithms for tracks
as described in the text [340]. The left and right panels show the median angular
error as a function of muon energy in IceCube and declination δ, respectively.

tracks. Combined with the fact that the IceCube geometry is most suited to observe
horizontal tracks29 (sin δ ≈ 0), the median angular error increases with declination
in the Northern Sky.

3.2.2

Estimation of Angular Error

Cramér Rao
Let θ = (θ1 , θ2 , ..., θM ) = (r0 , θ, φ) represent the tracks parameters using the notations
of Section 3.2.1. We can define the elements of the M ×M Fisher-information matrix
I(θ) as [359]
+
*
∂2
log LMPE (θ) ,
(3.15)
Iij = −
∂θi ∂θj
where the MPE likelihood of Equation (3.14) is defined using the single-photon PDF
P1 of the SplineMPE reconstruction. Assuming that the maximum-likelihood estimators θ̂ are unbiased, the Cramér-Rao bound [360, 361] states that the covariance
matrix of these estimators is bound by
cov(θ̂) ≥ I(θ)−1 .
θ

(3.16)

Hence, the diagonal elements of the inverse Fisher-information matrix allow us to
obtain lower bounds for the variances σθ2 and σφ2 of both the zenith angle and the
azimuth angle, respectively. These bounds can then be used to estimate the circularized angular error on the track direction as [362]
s
σθ2 + σφ2 sin2 θ̂
σ=
,
(3.17)
2
where θ̂ is the SplineMPE fit of the zenith angle.
29 The reason why is because the vertical inter-DOM spacing (17 m) is smaller than the horizontal

spacing of IceCube (125 m). Consequently, the Cherenkov cone of horizontal muons is able to hit more
DOMs compared to vertical muons of the same energy.
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Analytic expressions for the covariance matrix have been obtained in [363]. Since
no additional minimization is required, the Cramér-Rao method yields a very fast
and stable estimation of the angular error of the track reconstruction. This estimation can therefore be performed for all events during online data processing. However, its performance is not at the level of the other estimators described below (see
Figure 3.11).
Paraboloid
Another approach to estimate the angular error of a track is to construct a confidence ellipse of the directional parameters θ and φ in the likelihood space of
the SplineMPE track reconstruction. As elaborated in [364], the MPE likelihood of
Equation (3.14) can be approximated by a 5D Gaussian PDF centered around the
best-fit θ̂ as long as the number of DOMs that recorded a hit, N , is large enough.
Since the supporting vector r0 is not of interest here, the dimensionality of the problem can be reduced to the (θ, φ)-plane [365]. In this plane, the likelihood is described by a 2D Gaussian PDF—also known as a paraboloid—centered around the
best-fit angular reconstruction (θ̂, φ̂) with standard deviations (σθ , σφ ). This Gaussian approximation implies that30



 1
log LMPE θ̂ ± σθ , φ̂ ± σφ = log LMPE θ̂, φ̂ − ,
2

(3.18)

which defines an ellipse in the (θ, φ)-plane as shown in Figure 3.10.
In practice, the MPE-likelihood space is sampled in a 3 × 8 grid around the bestfit point (θ̂, φ̂) in the (θ, φ)-plane [340]. In each of these 24 points, the likelihood is
fixed in zenith and azimuth, and maximized with respect to the supporting vector
r0 . Subsequently, a paraboloid is fitted through the sampled points, and a confidence
ellipse is determined using Equation (3.18). Finally, an estimate for the circularized

Figure 3.10: Illustration, adapted from [365], of the confidence ellipse obtained with
the paraboloid method. The ellipse contour is defined using Equation (3.18), and it is
centered around the reconstructed direction in zenith θ and azimuth φ. The ellipse
is described in terms of the uncertainties σθ and σφ on the directional parameters,
which can be related to the semi-major and semi-minor axes σ1 and σ2 .

30 In one dimension, a Gaussian PDF of x with mean µ and standard deviation σ takes the form
x
h
i
f (x) = A exp −(x − µ)2 /2σx2 with A = (2πσx2 )−1/2 . Hence, log f (µ) = log A and log f (µ±σx ) = log A−1/2,
such that log f (µ ± σx ) = log f (µ) − 1/2. In two dimensions this translates to Equation (3.18).
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angular error of the track direction is found as [365]
s
σ12 + σ22
,
σ=
2
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(3.19)

where σ1 and σ2 are the semi-major and semi-minor axes of the confidence ellipse,
respectively (see Figure 3.10). This paraboloid method results in the best estimation
of the angular uncertainty of tracks (Figure 3.11), although the various likelihood
maximizations make this approach computationally expensive [340].
Bootstrapping
The final method for estimating the angular error attempts to empirically model
the unknown theoretical distribution Ftrue of the track direction using a technique
called bootstrapping [366]. Let a track event be described by the observables xobs =
1
2
N
(xobs
, xobs
, ..., xobs
), where each element represents one of the measured pulses in IceCube. From this sample, an empirical distribution Fˆ can be obtained, which serves
as an estimate for the true distribution Ftrue . Next, a so-called bootstrapped event
1
2
M
xboot = (xboot
, xboot
, ..., xboot
) is obtained by randomly sampling pulses from Fˆ until
the total charge in the xboot equals that of xobs .
In practice, 6 bootstrapped events are sampled31 from Fˆ , which are then reconstructed using the SplineMPE algorithm. The average direction and mean angular
difference of the bootstrapped events can be combined to obtain a measure for the
angular uncertainty of the original xobs . In online systems, Bootstrapping serves as
a compromise between the fast but less accurate Cramér-Rao method and the slow
but more accurate Paraboloid estimation (see also Figure 3.11).
Performance Overview
As will be discussed in Section 3.3.1, the online event selection of the GFU sample uses a different estimator depending on the muon energy and number of hit
DOMs. In this online selection, the median runtimes for Cramér Rao, Paraboloid,
and Bootstrapping are 10 ms, 430 ms, and 210 ms respectively [340]. Afterwards,
the Paraboloid method is used in offline data processing to estimate the angular uncertainty for all selected events. In this offline estimation, the median runtime of
Paraboloid is 6.15 s [340].
The accuracy of an uncertainty estimator is quantized by defining the so-called
pull as ∆Ψ /σ . Here, ∆Ψ is the true angular error of the simulated event, while
σ represents the estimated angular error. Figure 3.11 shows the pull for each of
the angular-error estimators described above as a function of reconstructed muon
energy (Section 3.2.3) at the final level of the GFU event selection (Section 3.3.1).
Note that the shown values include pull corrections, which will be described in
Section 3.3.1. Because of these corrections, the median pull of all methods is consistently equal to ∆Ψ /σ = 1.177 for all energies. However, the spread in pull of
the Cramér-Rao estimator is significantly larger compared to the Paraboloid and
Bootstrapping methods over the complete energy range. Of these last two methods, Paraboloid yields a mildly smaller spread compared to Bootstrapping between

31 This is only the case for online systems, which is the only time in the data-processing chain were

bootstrapping is relevant to this work. Offline systems typically sample 8 bootstrapped events [340].
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Figure 3.11: Distribution of the corrected pull (see Figure 3.14) as a function of
muon-energy proxy for the different angular-error estimators described in the text.
The pull is defined as the ratio between the true angular error ∆Ψ and the estimated
angular error σ . For each method, the solid line represents the median of the pull,
while the dashed (resp. dotted) lines indicate the 68% (resp. 90%) contours. Taken
from [340].

roughly 10 TeV and 1 PeV. In conclusion, the Paraboloid method yields the most
accurate angular-error estimator for track reconstructions.

3.2.3

Energy Reconstruction

As discussed in Section 3.1.4, muons with energies Eµ larger than several 100 GeV
are capable of traversing the whole detector and only deposit a fraction of their
energy in IceCube. Above Eµ & 1 TeV, the muon energy loss along its track x is
dominated by stochastic processes such as ionization, bremsstrahlung, pair production, and photonuclear interactions [14]. Each of these processes will produce secondary particle showers, which can be approximated as point-like sources of spherical Cherenkov emission [317]. The mean stochastic energy loss, which is directly
proportional to the Cherenkov-photon yield [341], scales roughly linearly with energy, − hdEµ /dxi ∝ Eµ [14]. Hence, the muon energy at the detector can be estimated
from the observed number of track photons.
The likelihood of observing k photons in IceCube from a muon with energy Eµ is
described by a Poisson distribution [317],
Lloss (Eµ ) =

λk −λ
e .
k!

(3.20)

Here, λ = ΛEµ + ρ is the mean number of photons, which includes a contribution
from noise through the term ρ. The parameter Λ represents a template for the mean
number of track photons per unit of energy, typically calibrated at 1 GeV [367]. The
exact calibration depends on the energy-reconstruction method, which eventually
searches for the energy that maximizes the above likelihood,
Êµ = arg max Lloss (Eµ ).
Eµ

(3.21)
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In this work, only the MuEX energy reconstruction is of relevance [317, 368].
For this method, the template Λ is obtained using an analytical model32 of uniform
Cherenkov-cone emission along the muon track. For a given PMT with an effective
photon-collection area A, the light yield from a track at a distance d from the sensor
(Figure 3.8) is given by the empirical formula
µ(d) =
where

e−d/λp
`0 A
,
q
q
2π sin θc λ d tanh λ d
µ
µ

λe
2
λµ =
πλp 3 e−λa /λe sin θc

(3.22)

!2
.

(3.23)

Here, `0 is the number of photons per unit of length of the uniform track, while λa
and λe represent the effective absorption and scattering lengths, respectively, averaged over the track and PMT positions in the ice (see also Figure 3.4). Near the track
(d  λp ), the light yield scales as 1/d, as expected for a uniform cylindrical source.
Moving further away (d  λp ), scattering and absorption effects√ cause photons to
diffuse, such that the light yield becomes proportional√to e−d/λp / d. The characteristic diffusion length of the photon is found to be λp = λa λe /3 [317].
The above formulation yields a valid approximation for Λ in the case of minimum ionizing muons (100 GeV . Eµ . 1 TeV), which exhibit continuous energy
losses. To take into account the stochastic effects of more energetic muons [317], the
MuEX reconstruction reformulates the likelihood of Equation (3.20) as
Z
Lloss =

∞
0

λk −λ
e Gµ (λ − x0 ) dx0 ,
k!

(3.24)

where the Poisson distribution is convoluted with the empirical function
B
i.
Gµ (x) = h
x e−w log(x/µ) + log(x/µ)2 /σ 2

(3.25)

The parameters w, σ , and B are determined empirically to describe the wider tails
of the likelihood function caused by the stochastic energy losses.
The median energy resolution of the MuEX estimator is shown in Figure 3.12
using simulated muon tracks at the final level of the GFU event selection (Section 3.3.1). Since the likelihood description inherently assumes that the number of
photons is proportional to the energy loss, MuEX achieves a better resolution with
increasing energy. However, the stochastic nature of the muon energy loss limits the
resolution to σlog (Êµ /GeV) & 0.25 for Eµ & 100 TeV. This resolution is comparable to
10
the one obtained with a more elaborate—and computationally expensive—method
using interpolated splines in the template Λ (similar to those used in the SplineMPE
angular reconstruction) [317, 340].
Finally, note that Êµ represents the reconstructed muon energy at the detector.
For neutrino-induced events, this value represents a lower limit on the muon energy at the neutrino-interaction vertex, which is required to estimate the energy of
the original neutrino. The neutrino energy resolution of tracks is thus poor, and
typically quoted as a decade in neutrino energy.
32 This model was verified using Monte-Carlo simulations [369].
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Figure 3.12: Median energy resolution of the MuEX reconstruction method described in the text, adapted from [340]. The resolution is given in terms of the
estimated logarithmic muon energy at the detector, log10 (Ê/GeV), and plotted as a
function of the true muon energy at the detector.

3.3

The Gamma-Ray Follow-Up Data Sample

The IceCube analysis presented in this work aims to search for astrophysical neutrinos that are spatially correlated with the ULIRG selection obtained in Section 2.3,
which covers the complete sky. Since tracks yield the best angular resolution in IceCube, they are the ideal events for such a neutrino-source search. Hence, a data
sample of events is required that
• consists of well-reconstructed tracks;
• covers the full sky;
• has an optimal selection efficiency for astrophysical events while retaining a
good rejection efficiency for atmospheric-background events.
These conditions are met by the gamma-ray follow-up (GFU) dataset33 [340], which
is an all-sky sample of high-quality, through-going, and isolated tracks. The GFU
sample is an online event selection performed by the PnF system, since its original
purpose is to serve as a data sample for issuing and following up multimessenger
realtime alerts [132]. Subsequent offline reprocessing of the GFU data with optimal track-reconstruction algorithms yields a sample adequate for time-integrated
searches.
An overview of the online data stream from trigger level up to the GFU selection
is given in Figure 3.13, which will be described in detail below. To quantify the
performance of the event selection, a dedicated GFU MC sample [340] is generated
using the techniques described in Section 3.1.6. This MC sample is subsequently
passed through the same filters as the actual GFU data to obtain a complementary
simulated dataset. Note that this MC sample is the one used for the performance
plots in Section 3.2.
33 The GFU data sample is historically named after the GFU filter (Section 3.3.1), which was origi-

nally designed for the IceCube gamma-ray follow-up program [370].
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Figure 3.13: Schematic of the IceCube data flow for events in the GFU sample. The
stream of events triggered by the DAQ (Section 3.1.3) is passed through a set of PnF
filters (Section 3.3.1) to reduce the overall event rate and obtain a data sample adequate for neutrino-source studies.

3.3.1

Event Selection

Muon Filter
The purpose of the muon filter [310, 340] is to reduce the DAQ triggered event rate
to a level that can be handled by more elaborate online and offline reconstructions.
Hence, for each DAQ triggered event, a course track reconstruction is performed
with the LineFit method, and subsequently the SPE method. For tracks arriving
from the Northern Hemisphere, the SPE likelihood of Equation (3.9) is used as a
quality parameter to reject cascade events. For tracks arriving from the Southern
Hemisphere, however, a zenith-dependent charge cut is imposed to reduce the overwhelming rate of atmospheric muons. This cut is designed to filter out low-energy
muons that are more likely to be of atmospheric origin (Section 3.1.5). Concretely,
the muon filter can be expressed as [310]


log LSPE /(N − 3) ≤ 8.7
for − 1.0 < cos θ ≤ 0.2;




log(Qtot /PE) > 3.9 cos θ + 0.65 for 0.2 < cos θ ≤ 0.5;




log(Q /PE) > 0.6 cos θ + 2.3
for 0.5 < cos θ ≤ 1.0.
tot

(3.26)

Here, N denotes the number of hit DOMs, Qtot is the total deposited charge in the
detector, LSPE is the maximized SPE likelihood, and θ is the reconstructed zenith
angle from the SPE fit. As such, the muon filter reduces the overall event rate to
about 40 Hz.
OnlineL2 Filter
When flagged by the muon filter, events are subsequently passed through the online
level 2 (OnlineL2) filter [371]. This filter is designed to form a starting point for
online and realtime analyses. First, the angular reconstruction is refined by seeding
the SPE fit with two random directions that have a separation angle of 120° w.r.t. the
original fit. This allows to mitigate the effect of local extrema being misinterpreted
as the global maximum of the SPE likelihood. Next, the MPE reconstruction is performed using the refined SPE fit as a seed. Since it takes into account the deposited
charge in each of N hit DOMs, the MPE fit significantly improves the angular reconstruction at high energies (Figure 3.9), which allows for a better identification of
such high-energy events.
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The MPE reconstruction and the total deposited charge of the events are then
used to define the main cut of the OnlineL2 filter. Similar to Equation (3.26), four
(instead of three) regions on the sky are defined where different cut criteria are applied (see [371] for the detailed expressions). As such, the OnlineL2 filter reduces
the overall event rate to roughly 6 Hz. Events that pass the OnlineL2 cut are then
subject to further reconstructions. The angular reconstruction is optimized with the
SplineMPE method (with fast settings) using the MPE fit as a seed, while the muon
energy Eµ is reconstructed using MuEX. Lastly, the angular error of the tracks is
estimated with [340]:
• Paraboloid if Eµ < 4 TeV.
• Bootstrapping if Eµ ≥ 4 TeV and N < 300.
• Cramér Rao if Eµ ≥ 4 TeV and N ≥ 300.
Although Paraboloid yields the best angular-uncertainty estimation (Figure 3.11), it
becomes too computationally expensive for online systems at high energies. Consequently, faster but lower-quality uncertainty estimators are used for high-energy
events in the OnlineL2 filter.
Pull Corrections
The pull of an angular-uncertainty estimator was defined in Section 3.2.2 as the ratio between the true error, ∆Ψ , and the estimated error, σ , of a track reconstruction.
Panel (a) of Figure 3.14 shows the pull as a function of the MuEX energy reconstruction, after the application of the OnlineL2 filter. This pull is significantly affected
by two effects. First, stochastic energy losses are not taken into account in the angular reconstruction of tracks, as mentioned in Section 3.2.1. Consequently, the true
angular error is typically underestimated at higher energies. Second, for neutrinoinduced events, the kinematic angle34 between the muon and the original neutrino
is approximately given by σkin ≈ 1.8° × (Eν /TeV)−1/2 [33]. Since the kinematic angle is not taken into account by the uncertainty estimators, the true angular error is
also typically underestimated at lower energies. Note that the discontinuities in Figure 3.14 are a consequence of the energy-dependent choice of the applied estimation
method [340].
To mitigate the above biases, so-called pull corrections are performed to calibrate the estimated angular error to its true value. This calibration is performed
under the specific interpretation of the angular error used in point-source analyses.
Here, the distribution of astrophysical events around a candidate source is modeled
according to a two-dimensional circularized Gaussian (see Section 4.2.1). For each
event, the standard deviation of the Gaussian is defined as the estimated angular
uncertainty of the event, σ . In this situation, the median containment of this Gaussian lies within 1.177σ . Therefore, to correctly describe this median containment,
the pull correction calibrates the median pull to ∆Ψ /σ = 1.177. The result is shown
in Panel (b) of Figure 3.14. In the remainder of this work, all estimated event uncertainties are implicitly assumed to be pull corrected.

34 For a detailed study of the kinematic angle and its effect on IceCube reconstructions, see [128].
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(a) Non-corrected pull

(b) Corrected pull

Figure 3.14: Illustration of the energy-dependent pull correction. The pull is shown
in Panels (a) and (b) as a function of the reconstructed muon energy MuEX before
and after the correction, respectively. In each plot, the color scale represents the
cumulative distribution function (CDF) of the pull per energy bin. The thick black
dotted line is the median of the CDF, while the thick white dotted lines indicate the
central 68% containment. The vertical thin white dotted lines define the central 99%
energy range found in the observed data. Taken from [340].

GFU Filter
At the final stage of the data-filtering process, the GFU filter aims to maximally
reject background events while retaining an optimal signal-selection efficiency. This
filter is based on a machine-learning approach which classifies events using boosted
decision trees (BDTs) [340,372]. Such a BDT consists of N layers of so-called nodes,
where N = 5 for the GFU selection. Each node applies a binary classification of
the events by defining a cut on one of the reconstruction variables—see [340] for
complete listing—computed after the OnlineL2 cut. This classification is optimized
to separate background and signal events form each other. Starting from a single
node, a BDT branches out and ends up with 2N −1 nodes at its final layer. These final
nodes are also referred to as the leaves of the tree.
To optimize the cut of a reconstruction variable for each node, a dedicated set of
MC data is generated which contains both simulated background and signal events.
This simulated dataset is called the BDT training sample. Each simulated event
is assigned a certain weight, which is proportional to the expected rate of events
with the same energy and declination. Let w = ws + wb represent the cumulative
weight of the events at a node, where ws and wb denote the contribution of signal
and background, respectively. The purity at the node is then defined as p = ws /w.
The cut applied to the data separates events into two categories—those that pass
the cut (child node 1), and those that do not pass the cut (child node 2). Each of the
children nodes i ∈ {1, 2} has its own cumulative weight wi and purity pi . The optimal
choice for the cut at the parent node is the one which maximizes the separation gain
∆S = w S(p) − w1 S(p1 ) − w2 S(p2 ),

(3.27)

where S(x) = x(1−x) with x ∈ [0, 1] represents the Gini separation criterion [372]. The
cut variable at a node is chosen from one of three randomly-picked reconstruction
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quantities. For each of these three variables, Equation (3.27) is optimized. The
quantity that yields the best separation power is then used as the cut variable. This
process is repeated until the final layer of the BDT is reached, where the GFU filter
requires at least 1,000 events in a leaf.
In order to mitigate the effect of signal being erroneously classified as background and vice versa, the weight of misclassfied events is increased by 10% in a
process called boosting. The boosted training sample is then used to create a second BDT via the procedure described above, after which another round of boosting
takes place, etc. In total, 300 (resp. 400) BDTs are trained for the event selection in
the Northern Hemisphere (resp. Southern Hemisphere). Such an ensemble of BDTs
is also known as a random forest.
The size of a random forest is typically limited by the available statistics, since
too many BDTs will eventually cause overtraining. This effect occurs when the BDTs
start to become sensitive to statistical fluctuations in the data rather than actual
physical variations. To ensure no overtraining occurs in the GFU filter, a test sample of MC data was simulated analogous to the training sample. This test sample
was then passed through the previously trained BDTs. As shown in [340], a good
agreement was found between the two samples after the BDT classification.
The eventual GFU data selection is performed by only selecting events that exceed a BDT-score threshold. The BDT score of an event is proportional to the combined purity of all the random-forest leaves—one for each BDT—in which the event
is classified. The score criterion was set separately for each hemisphere, since they
correspond to independent random forests. Both score criteria were chosen to optimize the point-source discovery potential (Section 4.3.3), while ensuring a smooth
transition between the selections in the Northern and Southern Sky. They were also
fixed to reduce the all-sky rate of events passing the GFU filter to 6.7 mHz, in order
to be suitable for realtime analyses. For astrophysical neutrinos following an Eν−2
spectrum, the GFU signal-selection efficiency [340] in the Northern Hemisphere is
∼50% at Eν ∼ 100 GeV and reaches ∼95% for Eν & 100 TeV. In the Southern Hemisphere, the signal-selection efficiency is ∼5% at Eν ∼ 10 TeV and exceeds 70% for
Eν & 1 PeV.
Figure 3.15 shows the resulting event rate of GFU-selected data as a function of
declination, which is compared to the results of the GFU MC sample.35 A diffuse
astrophysical neutrino spectrum was simulated according to the Eν−2.19 spectrum observed in [274]. Excellent data-MC agreement is found in the Northern Sky, where
simulations benefit from fits to the measured atmospheric-neutrino background
[274]. In the Southern Sky, such fits are unavailable for atmospheric muons, resulting in worse data-MC agreement. Despite the significant background reduction, the
GFU sample remains dominated by atmospheric muons (South) and atmospheric
neutrinos (North). For the diffuse Eν−2.19 spectrum discussed here, the average allsky contribution of astrophysical events to the GFU sample is estimated to be ∼0.1%
[340]. Nevertheless, as we shall discuss in Chapter 4, competitive sensitivities can be
achieved for point-source analyses even with such small astrophysical signals buried
in the background-dominated data.

35 Note that the so-called GFU MC sample is distinct from the training sample and the test sample.

The former is used as to mirror the GFU event selection using simulations. The latter are solely used
for the optimization of the GFU filter algorithm, and are of no further usage after the development of
the filter.
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Figure 3.15: Event rate as a function of declination δ at the final level of the
GFU track selection, taken from [340]. Top: Filled histograms represent different atmospheric and astrophysical components obtained with MC simulations.
Astrophysical-neutrino events are simulated assuming a diffuse Eν−2.19 spectrum as
measured in [274]. The actual observed IceCube data is indicated by the black points.
Bottom: Ratio between the rate of observed data and the sum of all MC components.

Final GFU Sample
Data that passes the GFU event selection is sent via satellite to Madison, USA for
storage and further offline analysis. Compared to online systems, computational
time constraints are much more relaxed for offline data processing. As such, the
complete GFU sample is reprocessed using the optimal reconstruction methods
which would otherwise be too time consuming for the online selection. Concretely,
the following offline reconstructions are applied to all GFU events:
• SplineMPE with offline settings for the angular reconstruction;
• Paraboloid for the angular-error estimation;
• MuEX for the energy reconstruction.
This reprocessed offline GFU sample forms the main dataset used in the remainder
of this work. The stacking analysis of Chapter 4 uses 7.2 years of GFU data recorded
with the full 86-string detector (IC86) between May 2011 and October 2018. An
overview of the GFU dataset is given in Table 3.2.

Number of Events
1,501,394

Livetime [days]
2,615.97

Time Period
IC86 2011–2018

Table 3.2: Properties of the GFU track-event selection used in the ULIRG stacking
analysis.
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Effective Area & Angular Resolution

Consider an astrophysical source with right ascension α and declination δ in equatorial coordinates. Assume that this source yields a high-energy neutrino flux Φν (Eν )
at Earth. This flux will result in a certain detected event rate in IceCube. The effective area is defined as the quantity that links the neutrino flux arriving at Earth to
the event rate, Ṅν , observed in the detector,
Z∞
Ṅν =
Aeff (Eν |α, δ) Φν (Eν ) dEν .
(3.28)
0

By definition, the effective area takes into account the interaction probability of an
astrophysical neutrino in or near IceCube. This probability includes the neutrino-ice
interaction cross section (Figure 3.3) and the transmission probability of neutrinos
through the Earth (Figure 3.7). Furthermore, the effective area takes into account the
detector response for astrophysical neutrinos with a certain flavor, energy, and arrival direction. Since this response depends on the event selection, each dataset has
its own unique effective area. Note that in this work, only time-integrated searches
are of relevance. Since IceCube rotates with Earth’s axis, and due to its geometry, the
right-ascension dependence of the detector response is averaged out.
Panel (a) of Figure 3.16 shows the GFU effective area for muon neutrinos, determined using the dedicated GFU MC sample, as a function of the neutrino energy for
different declination bands. In the Northern Sky, the effective area decreases above
∼1 PeV as a result of neutrino absorption by the Earth. Below ∼1 PeV, the effective
area in the Southern Sky is significantly smaller than for the Northern Hemisphere.
This is a consequence of the event selection in the Southern Hemisphere, which targets high-energy events (Section 3.3.1). It should be noted that the GFU sample is
also expected to have a secondary contribution of tau neutrinos (∼17%, see Table 3.1
and Figure 3.15), although these are not taken into account in the effective area used
in this work. See [340] for GFU effective areas of other neutrino flavors.
Apart from the GFU effective area, a key ingredient for the ULIRG stacking analysis of Chapter 4 is the typical angular resolution of the GFU sample. Figure 3.17
shows the median GFU angular resolution—defined as the angular separation between the true neutrino direction and reconstructed track direction—for simulated
neutrinos as a function of neutrino energy Eν . For Eν & 2 TeV, a subdegree median
angular resolution is obtained. At lower energies, low Cherenkov-light yields and
the kinematic angle between the neutrino and secondary muon limit the quality
of the track reconstruction. The median angular resolution plateaus around ∼0.3°
above Eν & 1 PeV, where stochastic energy losses dominate the reconstruction uncertainties.

3.3.3

Comparison with the IceCube Point-Source Dataset

To put the performance of the GFU sample into context, it is compared to the socalled point-source (PS) event selection [118]. The PS sample is a dedicated all-sky
selection of tracks for time-integrated point-source analyses with IceCube (see also
Section 1.3.1). Whereas the GFU selection is fully performed online to obtain a data
stream for realtime searches, the sole online component of the PS selection is the
muon filter. All subsequent filtering algorithms are performed offline, where reconstructions and selections can benefit from effectively unlimited computation times.
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Figure 3.16: Effective area, Aeff , for muon neutrinos as a function of neutrino energy,
Eν , for various bands in declination δ. Thick solid red lines represent the effective
area averaged over the full sky. Panels (a) and (b) show the effective area for the GFU
and PS samples, respectively. Panels (c) shows the ratio between the GFU and PS
effective areas, where the black dotted line in indicates a ratio of unity. The structures
observed for δ ∈ [30°, 90°] for Eν > 10 PeV are a consequence of low statistics, since
neutrinos with these energies become incapable of traversing the Earth (Figure 3.7).
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Figure 3.17: Median angular resolution, ∆Ψ , as a function of neutrino energy, Eν ,
for muon neutrinos. Top: Median angular resolution of the GFU and PS samples,
represented by the solid blue and dashed red lines, respectively. Bottom: The GFUto-PS ratio of the angular resolution.

Consequently, the median PS angular resolution is up to ∼10% better compared to
that of the GFU sample for neutrino energies Eν & 1 TeV, as shown in Figure 3.17.
Since the ULIRG stacking analysis of Chapter 4 is a time-integrated point-source
search, it is worth motivating the choice of using the GFU sample in this work. Panel
(b) of Figure 3.16 shows the muon-neutrino effective area of the PS sample, which
exhibits similar behaviors compared to the GFU sample. The differences between
the two selections are more apparent when considering the GFU-to-PS effective-area
ratio, shown in Panel (c) of Figure 3.16. The GFU effective area is generally O(10%)
higher than the PS effective area for Eν & 1 TeV. The only exception is for events in
the Southern Sky with Eν & 3 PeV. Here, the PS selection obtains a slightly better
astrophysical-event purity by not only including well-reconstructed through-going
tracks, like in the GFU sample, but also events that start in the detector (similar to
the HESE criterion described in Section 3.1.5) [118].
In conclusion, although the PS sample has a better median angular resolution,
the GFU sample typically has the upper hand in terms of effective area. Nevertheless, what eventually matters for a point-source analysis, is which sample results
in the best sensitivity and discovery potential (Section 4.3.3). The work in [340]
shows that the relative differences in angular resolution and effective area between
the samples essentially cancel each other out, with statistically equivalent sensitivities obtained for both samples. However, during the time when the ULIRG stacking
analysis was conducted, the GFU selection—in contrast to the PS sample—included
improvements to the MuEX reconstruction algorithm used by both selections [373].
Since this affects the energy distribution of selected events, which is used in the
analysis method of Chapter 4, the ULIRG stacking analysis exclusively uses the GFU
sample, which is the only relevant IceCube dataset in the remainder of this thesis.

Chapter 4
Stacking Analysis of ULIRGs

”

All models are wrong, but some are useful.
— George E. P. Box

Introduction
Data analysis is one of the major pillars of experimental (astro)particle physics, for
which we can generally rely on two major statistical formalisms. The most frequently1 used formalism is called frequentist inference, where one relates probability to the frequency of observing a specific realization of the data. The other
formalism is called Bayesian inference, where probability is related to the so-called
degree of belief in the data being described by a certain model, which can be based
on prior information about the experiment. In this work, exclusively frequentist
methods will be applied (see e.g. [374, 375] for more details), which will briefly be
outlined in Section 4.1. Examples of Bayesian inference in neutrino astronomy can
e.g. be found in [64, 376].
The aim of this thesis is to analyze the IceCube GFU data (Section 3.3) in search
for an astrophysical neutrino flux from the representative selection of ULIRGs (Section 2.3). Section 4.2 presents the point-source stacking method that will be applied
to this IceCube analysis, which will rely on the SkyLab2 software framework. The
performance of the stacking analysis is subsequently discussed in Section 4.3. Here,
an investigation is made on how well the analysis can recover an astrophysical flux
from ULIRGs, and how sensitive we are to such a flux. As will be explained later
on, in this Chapter we blind ourselves from the real GFU data in order to avoid any
biases in the final results. The revelation of the final results using the unblinded
data is reserved for Chapter 5.

4.1

Statistical Formalism

Each time an event i ∈ {1, 2, ..., N } is observed with IceCube, we determine various
quantities such as the reconstructed energy and arrival direction of the event. Let
us denote our set of measurable physical quantities as x = (x1 , x2 , ..., xp ), which for
p
event i take on the values xi = (xi1 , xi2 , ..., xi ). There exists a probability density function (PDF), P (x|θ), that describes the probability to obtain these measured values,
Pi (θ) ≡ P (x = xi |θ). This PDF depends on a set of parameters θ = (θ 1 , θ 2 , ..., θ q )
which describe the underlying physics that give rise to the observed data, such as
the possible contribution of an astrophysical neutrino flux.
Typically, the goal of an empirical analysis is to obtain estimates of the true values of these physical parameters, θtrue , given the dataset {xi }. For that purpose, we
1 Pun absolutely intended.
2 Available at https://github.com/icecube/skylab.
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can define the following likelihood function,
L(θ) =

N
Y
i=1

Pi (θ),

(4.1)

which describes the probability3 that a set of parameters θ is compatible with the
measurements {xi }. Therefore, the parameters that best fit the data are those that
maximize the likelihood over the full parameter space Θ,
θ̂ = arg max L(θ).

(4.2)

θ∈Θ

In order to compute these maximum-likelihood estimators, we require an expression for the PDF P (x|θ). In practical applications this PDF has to be modeled,4 since
its exact expression is generally unknown.
Experimental searches generally look for signatures in the dataset {xi } that are
caused by a specific physical process. This signature, or signal, is typically a small
component of the data, which mainly consists of background. In a maximum-likelihood analysis for example, one would like to test whether the best-fit parameters θ̂
are consistent with the presence of such a signal component in the data. For this
purpose, one can perform a hypothesis test, where the null hypothesis, H0 , states
that the data consists of background only, while the alternative hypothesis, Hs , states
that the data consists of both background and a signal component. Given the result
of the analysis, the null hypothesis will either be accepted or rejected, resulting in
four possible outcomes that are listed in Table 4.1.

H0 is true

H0 is accepted
H0 is rejected

Correct decision:
True negative
1−α
Type I error:
False positive
α

Hs is true

Type II error:
False negative
β
Correct decision:
True positive
1−β

Table 4.1: Possible outcomes of a hypothesis test, each with an assigned probability.
The probability α is the significance level of the test, while the probability 1−β is the
power of the test.

3 This statement is true since each event i is observed independently, and all measurements {x }
i

follow the same PDF, P (x|θ).
4 Ideally, the maximum-likelihood estimators should be consistent, i.e. θ̂ → θ
true as N → ∞. However, a consequence of the PDF modeling is that this consistency cannot be achieved perfectly, since
“all models are wrong.” Nevertheless, simulations can be used to infer the consistency of the parameters under the assumptions of the PDF model. We can therefore expand the aphorism to the one
quoted at the beginning of this Chapter.
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To perform such a hypothesis test, one can construct the following likelihoodratio test statistic,
#
"
#
"
L(θ = θ̂)
maxθ∈Θ L(θ)
= 2 log
.
(4.3)
TS = 2 log
maxθ∈Θ0 L(θ)
L(θ = θ0 )
Here, θ0 ∈ Θ0 is the set of parameters that maximizes the likelihood under the assumption that H0 is true. The TS will follow differing PDFs under the null and
alternative hypotheses, denoted by T0 and Ts , respectively. The factor of 2 in the TS
ensures that Wilks’ theorem holds, which states that as N → ∞, T0 converges to a
χν2 distribution with ν = dim Θ − dim Θ0 degrees of freedom [377].
The data is most consistent with the null hypothesis when θ̂ = θ0 , i.e. when
TS = 0. All other θ̂ , θ0 will result in a TS > 0. As such, the likelihood-ratio method
provides a one-tailed hypothesis test, in which each TS has the following associated
p-value,
Z
∞

p=

TS

T0 (TS0 ) d(TS0 ).

(4.4)

The p-value is the probability that one can obtain a test-statistic value ≥ TS under
the null hypothesis, reflecting the compatibility of TS with H0 . We can now define
a certain TS threshold according to
Z∞
α=
T0 (TS0 ) d(TS0 ),
(4.5)
TSthresh

which is the significance level of the analysis. If TS ≥ TSthresh or equivalently p ≤ α,
the null hypothesis is rejected. Thus, α describes the probability of committing a
Type I error (see Table 4.1). In particle physics, the rule of thumb is that a 5σ significance level is required in order to reject the null hypothesis, which corresponds
to5 α = 5.73 × 10−7 . Under the alternative hypothesis Hs , one can also compute the
probability that a Type II error is committed,
Z
β=

TSthresh
0

Ts (TS0 ) d(TS0 ).

(4.6)

The power of the hypothesis test is then defined as the complementary probability
1 − β. Since the power is proportional to the strength of the signal relative to the
background, one aims to achieve the largest possible power6 down to the smallest
possible signal strengths. In other words, one aims to optimize the sensitivity of the
search.
To study its overall performance, the analysis is typically performed blindly in
order to avoid biases in the final decision of the hypothesis test. In a blind analysis,
the truly observed data remains undisclosed. Instead, data scrambles and Monte
Carlo simulations are used to perform so-called pseudo-experiments with “fake”
renditions of the data. Once the analysis method is optimized, the observed data is
unblinded, resulting in a certain observed test statistic TSobs and its corresponding
R
5 The nσ significance level of a one-tailed test corresponds with the p-value p = ∞ N
(x|σ ) dx,
nσ half
where Nhalf (x|σ ) is a half-normal distribution with standard deviation σ .
6 In the specific case where each hypothesis corresponds with a discrete parameter value,
i.e. H0 : θ = θ0 and Hs : θ = θs , the Neyman-Pearson lemma states that the likelihood ratio of Equation (4.3) is the most powerful α-level test [378].
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p-value. Depending on the result of this TSobs the null hypothesis will either be
accepted or rejected.

4.2

Methods for an IceCube Stacking Analysis of ULIRGs

In the IceCube analysis presented here, the GFU track data {xi } will be searched
for an astrophysical signal originating from the selection of ULIRGs. A general assumption made in the following is that a muon-neutrino flux from ULIRGs can be
described by an unbroken power-law spectrum, Φνµ +ν µ = Φ0 (Eν /E0 )−γ . This assumption is motivated both from modeling (Section 2.2) and observational perspectives,
since the diffuse IceCube neutrino flux show no evidence for more elaborate spectral
features (Section 1.2.1). The ULIRG neutrino flux Φνµ +ν µ would give rise to certain
number of astrophysical signal events in the data, ns . Consequently, the parameters
of interest here are θ = (ns , γ), which are directly related to the flux normalization
Φ0 . The goal of this analysis will be to find the maximum-likelihood estimators
θ̂ = (n̂s , γ̂) that best fit the GFU data {xi }, and to test whether these best-fit parameters are consistent with the contribution of an astrophysical neutrino flux from
ULIRGs—under a specific likelihood model, as discussed in the following.

4.2.1

Time-Integrated Unbinned Point-Source Likelihood

Since the spatial extension of ULIRGs (arcseconds to arcminutes [193]) is well below
the angular resolution of IceCube (Section 3.3.2), they will appear as point sources
in an IceCube analysis. In addition, ULIRGs are modeled as steady sources of neutrinos, as discussed in Section 2.2. As such, the full 7.2 years of GFU data are integrated over in search of an astrophysical signal. Let us for the moment consider a
single candidate source k. The method of [379] is followed to construct the following
time-integrated unbinned point-source likelihood,
L(ns , γ) =

N
Y
i=1

Pi (ns , γ) =

N 
Y
n
i=1


 
n
Sik (γ) + 1 − s Bi .
N
N
| {z } | {z }
s

signal

(4.7)

background

The PDF that enters the likelihood is modeled with a background term, Bi , and a
signal term, Sik . The background and signal terms are both unbinned PDFs,7 with
a relative contribution that depends on the number of signal events, ns . For each
event i ∈ {1, 2, ..., N }, the observables xi = (αi , δi , σi , Ei ) are used in the PDF evaluation,
which are described in Table 4.2.
In order to utilize both the spatial and energy information of the data in the
likelihood, each PDF is separated into two components,
Bi =

Bδ (δi )
× EB (Ei |δi ),
2π
| {z } | {z }
spatial

(4.8)

energy

Sik (γ) = S(αk , δk , αi , δi , σi ) × ES (Ei |δi , γ) .
|
{z
} | {z }
spatial

(4.9)

energy

7 In an unbinned likelihood method, the PDFs are assumed to be continuous, yielding a better

sensitivity compared to binned likelihood methods [379].
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Description

Event i

(αi , δi )
σi
Ei

SplineMPE right ascension & declination
Paraboloid uncertainty on reconstructed direction
MuEX muon energy proxy

Source k

(αk , δk )
wk

Right ascension & declination
Stacking weight

To be fitted

ns
γ

Number of astrophysical signal events
Spectral index of astrophysical signal flux

Table 4.2: A list of all the parameters that are used to formulate the time-integrated
point-source stacking likelihood of Equation (4.11).

As discussed in the following, the background PDF components are constructed
directly from the GFU data, whereas the signal PDF components are constructed
using analytic expressions and simulations.
Spatial Signal PDF
Spatially, astrophysical signal events are expected to be clustered around the location of source k on the sky. The spatial signal PDF is therefore modeled as a circularized bivariate Gaussian centered around this source, which for event i takes the
form


 |(αk , δk ) − (αi , δi )|2 
1
(4.10)
exp −
S(αk , δk , αi , δi , σi ) =
 .
2πσi2
2σi2
This PDF describes the probability that the event i is spatially correlated with source
k, where |(αk , δk ) − (αi , δi )| represents the opening angle between the event and the
source. The width of the Gaussian is fully determined by the estimated angular uncertainty of the event, σi . Since the source location is generally inferred from optical
measurements with resolutions smaller than an arcsecond [193], the uncertainty on
the source position can safely be neglected.
As discussed in Section 3.3.1, the estimated event uncertainty does not take into
account systematic effects such as the kinematic angle between the detected muon
and the original neutrino. In order to partially mitigate underestimated uncertainties, a floor σi ≥ 0.2° is imposed for all events following the work of [118]. However,
it should be noted that the work in [134] shows that the signal PDF becomes highly
non-Gaussian at relatively low energies and small angular uncertainties. This effect
is mostly due to the larger kinematic angle at these scales. In order to successfully
take this effect into account, the authors of [134] have developed a novel method
that constructs the signal PDF from simulations using kernel density estimators
(KDEs) [380]. Overall, this KDE method yields a better PDF description; for an Eν−2
spectrum, it yields an improvement of 20–30% to the 5σ discovery potential (see
Section 4.3.3). However, the implementation of such KDEs to the ULIRG stacking
analysis falls beyond the scope of this thesis.
Spatial Background PDF
Atmospheric background events, on the other hand, will not be clustered around
a certain location on the sky. Since a time-integrated search is conducted in this
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work, the spatial background PDF, Bδ (δ)/2π, is uniform in right ascension,8 yielding
the factor 1/2π. The latitudinal dependence of the PDF is modeled by scrambling
(see Section 4.3.1) and binning the GFU data in sin δ, where δ is the reconstructed
declination. This sin δ distribution is then interpolated with a spline in order to
obtain an unbinned spatial background PDF, as shown in Figure 4.1.
Note that in the Southern Hemisphere, the PDF is rather bumpy. This is a consequence of the BDT-score cut applied in the GFU filter (Section 3.3.1), which has
a discrete declination dependency in the Southern Sky to target events with higher
energies [340] (recall the relatively poor data/MC agreement found in Figure 3.15).
Efforts within the IceCube collaboration [381] are currently working on a smoothing of this BDT cut, which would on its turn yield a smoother spatial background
PDF (and better data/MC agreement). Nevertheless, the PDF of Figure 4.1 provides
a sufficiently accurate description of the background for the purposes of this work;
the PDF smoothing generally affects the sensitivity of Section 4.3.3 by .10% [381].

Figure 4.1: The spatial background PDF, Bδ (δ)/2π, as a function of the reconstructed
declination δ. The left panel shows the PDF which is constructed by binning the
scrambled GFU data in sin δ. The right panel shows the unbinned PDF which is
found by interpolating a spline through the binned PDF.

Energy PDFs
By construction, the probability that a GFU event has a certain reconstructed energy
E depends on the reconstructed declination δ of that event. Hence, the background
energy PDF EB (E|δ) is obtained by binning the scrambled GFU data in both sin δ and
log10 E, as shown in Figure 4.2. The signal energy PDF ES (E|δ, γ) is constructed analogously using simulated events from the GFU MC sample (Sections 3.1.6 and 3.3).
These MC events are generated by simulating a source at sin δ that emits neutrinos
−γ
with energy Eν according to an unbroken Eν power-law spectrum. The resulting
PDFs for signal spectra with spectral indices γ ∈ {2.0, 3.0} are shown in Figure 4.3.
Note that both the background and signal energy PDFs are normalized over log10 E
in each bin of sin δ. Given a certain sin δ (and γ), these PDFs therefore describe the
probability that an event with reconstructed energy E corresponds with signal or
background.
8 The uniformity in right ascension stems from the fact that IceCube has an azimuthal symmetry

and is located at the geographic South Pole, such that it rotates with the axis of the Earth.
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Figure 4.2: The background energy PDF, EB (E|δ), constructed by binning the scrambled GFU data in sin δ and log10 E, with δ and E the reconstructed declination and
energy, respectively. The higher energies for the background in the Southern Hemisphere is a consequence of the GFU selection criteria (Section 3.3.1).

Figure 4.3: The signal energy PDF, ES (E|δ, γ), constructed by binning simulated astrophysical events in sin δ and log10 E, with δ and E the reconstructed declination
and energy, respectively. The left and right panels show the PDFs for power-law
spectra with spectral indices γ = 2.0 and γ = 3.0, respectively.
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As will be discussed in Section 4.2.3, the practical goal of the analysis method is
to evaluate the ratio of the signal and background PDFs. As such, the ratio of the
energy PDFs, ES /EB , is computed by simply dividing the corresponding histograms.
In bins for which there is a signal entry but no background entry, the background
PDF EB is given its smallest non-zero value in order to obtain a well-defined PDF
ratio. Subsequently, an unbinned PDF ratio is obtained by interpolating a spline
through these histograms. The signal-over-background histograms and corresponding splines are shown in Figure 4.4 for γ ∈ {2.0, 3.0}.

Figure 4.4: The signal-over-background (SoB) ratio of the energy PDFs, ES /EB . The
top row shows the SoB ratios obtained by dividing the histograms of Figure 4.3 by
the histogram of Figure 4.2. The bottom row shows the unbinned SoB ratios, which
are found by interpolating a spline through the respective binned SoB ratios of the
top row.

4.2.2

Stacking Likelihood and Stacking Weights

Up to this point, the IceCube analysis method has been described for a single point
source k ∈ {1, 2, ..., M}. If we now want to perform a search for neutrinos from all
M = 75 ULIRGs, there are two options:
1. Analyze each source separately.
+ Can study the neutrino emission of each individual source.
− Need to take into account a trial factor of the order O(M) in the final
p-value (see e.g. [118]).
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2. Perform a stacking analysis [382] and consider the contribution of all M sources
simultaneously.
+ If the sources are too faint to be observed individually, this method could
still be sensitive to their cumulative flux.
− Cannot discern the individual source fluxes a priori.
The aim of this work is to study the neutrino emission from the ULIRG source population as a whole. Moreover, apart from first hints emerging from NGC 1068
(Section 1.3.2), no point sources have been identified in time-integrated IceCube
searches so far. Hence, the stacking-analysis method is opted in this search for neutrinos from ULIRGs.
We can now convert the point-source likelihood of Equation (4.7) to the following stacking likelihood,


N 
M

 
Y
n
 ns X


L(ns , γ) =
wk (γ) Sik (γ) + 1 − s Bi  .
(4.11)
N
N
i=1
k=1
|
{z
} | {z }
stacked signal

background

The stacking takes place in the signal term of the likelihood, which is now a weighted
sum over the signal PDFs Sik (γ) off all point sources, with wk the corresponding
stacking weights. The fit parameter ns therefore describes the total number of signal
events from all sources combined. Regarding the energy component of the signal,
the most realistic description is one where each source k ∈ {1, 2, ..., M} is modeled
with their own independent spectral index γk . However, since fitting separate spectral indices for M = 75 ULIRGs would be computationally unfeasible, a single global
spectral index γ is assumed in the stacking likelihood. The effects of this assumption are discussed in Section 4.3.3. For completeness, Table 4.2 summarizes all the
parameters that are used to compute the stacking likelihood.
To illustrate the benefits of a stacking search, Figure 4.5 shows the IceCube 40string (IC40) discovery potential (Section 4.3.3) for an increasing set of simulated
sources at the same declination δ = 45° [125]. The sources are also assumed to yield
the same Eν−2 neutrino flux at Earth, meaning that wk = 1 in this example (see below).
The total flux, or stacked flux—which is proportional to ns —required for a discovery
(Section 4.3) increases as more sources are added to the stacking analysis. This is a
consequence of the fact that more background events are evaluated by the stackedsignal term in Equation (4.11). However, the average flux per source required for a
discovery decreases, indicating that the stacking analysis can pick up fainter individual source signals compared to a single point-source search. Nevertheless, this
decrease eventually saturates, because as more and more sources are added, more
background enters the signal term. Consequently, the cumulative signal contribution of all sources becomes harder to distinguish from the overall background. In a
more realistic scenario, the relative contribution of the different signal strengths of
the various sources is taken into account by the stacking weight wk .
The stacking weight of source k is computed as9
r (γ) tk
.
wk (γ) = PMk
j=1 rj (γ) tj

(4.12)

9 By construction, the stacking weight is a relative weight between the sources that are analyzed. As

such, when M = 1, Equation (4.11) is reduced to the single point-source likelihood of Equation (4.7).
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Figure 4.5: IC40 discovery potential (5σ ) for a stacking analysis of an increasing
number of sources. The sources are simulated with the same Eν−2 neutrino flux at
Earth, and at the same declination δ = 45°. The black solid line indicates the total
stacked flux required for a discovery, whereas the red dashed line shows the corresponding per-source flux. When stacking a single source, the two lines merge to the
discovery potential of a single point-source analysis. Note that this plot is simply
meant to illustrate the idea behind a stacking analysis; it is not representative of the
ULIRG stacking search presented in this work. Taken from [125].

On the one hand, the stacking weight depends on the detector response rk (γ) for an
astrophysical signal from this source. This detector weight is obtained by convolving the effective area of the detector at the source declination δk (see Section 3.3.2)
with the assumed power-law spectrum of the signal,
Z∞
−γ
rk (γ) =
Aeff (Eν |δk ) Eν dEν .
(4.13)
0

On the other hand, the stacking weight depends on a theoretical weight tk , which is
modeled according to some assumptions about the physics of the candidate neutrino
source. In this work case, the total IR luminosity LIR is assumed to be representative
for the neutrino output of ULIRGs. This assumption is motivated by the fact that
LIR is a measure for the SFR—see Equation (2.1)—and that a possible AGN contribution to the IR luminosity increases with LIR (Figure 2.5). Since both starbursts
and AGN are plausible hadronic accelerators that can produce neutrinos in ULIRGs
(Section 2.2), LIR can serve as a proxy for the neutrino luminosity. The theoretical
weight is therefore set as
LIR,k
,
(4.14)
tk = FIR,k =
2
4πdL,k
where FIR,k is the total infrared flux of source k. This flux is computed using the total
IR luminosity, LIR,k , and the luminosity distance, dL,k , of the source, as explained in
Section 2.3.4.
Panels (a) and (b) of Figure 4.6 show the distributions of the ULIRG stacking
weights wk (γ), with subcomponents rk (γ) and tk , for both γ = 2.0 and γ = 3.0, respectively. In general, nearby sources in the Northern Sky are found to contribute
most to the stacking analysis. This simply reflects the fact that IceCube is mostly
sensitive in the Northern Hemisphere—where there is no contamination from atmospheric muons (Section 3.1.5)—and that the total IR flux of ULIRGs was chosen
as a proxy for their neutrino flux.
It is common in IceCube stacking analyses (see e.g. [383]) to investigate different
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Figure 4.6: Normalized stacking weight wk (γ) ∝ rk (γ) tk for each ULIRG k, shown
as a function of the source declination δ. The normalized detector weights, rk (γ),
and normalized theoretical weights, tk = FIR,k , are also shown. To illustrate the effect
of the assumed source spectrum on the the final stacking weight, Panels (a) and (b)
show the weights for spectral-index values γ = 2.0 and γ = 3.0, respectively.

weighting schemes. In particular, an equal-weighting scenario is often considered,
where tk = 1. Equal weights do not make any assumptions on source models in the
analysis, and are therefore used to perform a more unbiased search. However, this
weighting is rather unrealistic, since a neutrino flux observed at Earth will naturally scale inversely with the square of the distance to that source. Distance weights,
−2
, thus provide a model-independent way to take this effect into account.
tk = dL,k
In the case of the ULIRG stacking analysis, the distance weights are highly correlated with the total IR flux weights, as shown in Figure 4.7. This correlation is a

Normalized FIR weight
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10−1
10−2
10−3
10−4
10−4

10−3

10−2

Normalized

dL−2

10−1

100

weight

Figure 4.7: Correlation between two theoretical weighting schemes for the ULIRG
stacking analysis, where dL is the luminosity distance, and FIR is the total IR flux.
The weights are normalized for all 189 objects in the initial ULIRG selection. The orange dash-dotted line indicates the redshift cut at z = 0.13 used to obtain the representative sample of 75 ULIRGs. The black dotted line represents an ideal one-to-one
correspondence.
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consequence of the limited spread of LIR values, which lie within the same order of
magnitude (see Figure 2.12). Hence, only the total IR flux weights are considered in
the final analysis, since distance weights would not provide any novel information
to our search. In Sections 4.3.4 and 4.3.5 some intermediate results of the analysis
performance will be presented using distance weights, confirming this statement.

4.2.3

Likelihood-Ratio Test Statistic

The goal of this analysis is to determine the parameters (n̂s , γ̂) that maximize the
stacking likelihood of Equation (4.11). Furthermore, we aim to test whether these
best-fit parameters are compatible with a background-only scenario (null hypothesis
H0 ) or with the additional presence of an astrophysical signal from ULIRGs in the
data (alternative hypothesis Hs ). According to the formalism outlined in Section 4.1,
the following likelihood-ratio test statistic is constructed,
"
#
L(ns = n̂s , γ = γ̂)
TS = 2 log
L(ns = 0)
M



(4.15)
N
X


 n̂s X
Sik (γ̂)



wk (γ̂)
=2
log  
− 1 + 1 .
N
Bi
i=1

k=1

Q
Here, L(ns = 0) = N
i=1 Bi is the likelihood evaluated under the null hypothesis.
In the maximization of the likelihood ratio, the physical bound10 n̂s ≥ 0 is imposed, and the spectral index is constrained to γ̂ ∈ [1, 4]. Although the latter constraint is rather arbitrary, it is well-motivated. From a theoretical standpoint, a value
γ ∼ 2 is expected at the source from first-order Fermi acceleration (Section 1.1.1; see
also the model predictions in Section 2.2), while observationally, IceCube measurements of the diffuse neutrino flux yield values 2 < γ < 3 (Section 1.2.1). Hence, the
bounds on the spectral index can be seen as conservative.
Furthermore, in order to reduce computation time, only events within a box centered around any source k are used in the evaluation of Equation (4.15) in SkyLab.11
The idea is that events outside any of these M boxes can safely be discarded, since
they have a negligible contribution to the spatial signal PDF of Equation (4.10). An
event i is located within a box with dimensions 2∆α × 2∆δ around source k if
δmin ≡ max{−π/2, δk − ∆δ } < δi < min{δk + ∆δ , π/2} ≡ δmax ,
and

(
|αi − αk | < min

∆δ
min{cos δmin , cos δmax }

(4.16)

)
, π ≡ ∆α .

(4.17)

Here, a value ∆δ ≡ 10° is chosen. For a source located at the equator, ∆α ≈ ∆δ ,
yielding a box of roughly 20° × 20° around source k. The more the source is located
towards one of the poles, the more ∆α increases in order to take into account the
solid-angle effect. As such, we ensure that there are always sufficient events with
which to evaluate the PDF ratio Sik /Bi for each source k.
10 Numerically, it is perfectly possible to fit n̂ < 0, which would correspond to an underfluctuation
s
in the data. In case one would desire to distinguish such underfluctuations in the analysis, a factor
sgn n̂s has to be taken into account in Equation (4.15).
11 In Csky (Section 4.3.5), instead of defining a box, only the events for which |(α , δ )−(α , δ )| < 5σ
i i
i
k k
are evaluated in the likelihood.
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As a final note, it is worth mentioning that in a previous work [384], a comparison of various statistical methods was performed in the context of a time-integrated
point-source analysis with IceCube. It was found that in general, the likelihood-ratio
method described here yields the best analysis performance in terms of sensitivity.
See also [385] for a comparison of statistical methods used in transient analyses.

4.3
4.3.1

Performance of the ULIRG Stacking Analysis
Description of the Background

As discussed in Section 4.1, the PDF of the above TS under the background-only hypothesis has to be determined to be able to compute a p-value for the analysis. This
background-only PDF is determined by performing many pseudo-experiments,
where the GFU data is scrambled in right ascension. In such a scramble, each GFU
event is assigned a random right-ascension value drawn from a uniform distribution
between [0, 2π), since the atmospheric background is uniform in right ascension
(Section 4.2.1). The TS is then evaluated using Equation (4.15), yielding a “fake”
rendition of our experiment in a background-only scenario. Each data scramble and
corresponding TS evaluation is called a trial.
The background-only PDF is now obtained by performing 105 background-only
trials, resulting in the distribution shown in Figure 4.8, against which the GFU data
will eventually be tested to obtain a certain p-value (Chapter 5). However, ∼108 trials would be required in order to obtain a background-only TS distribution that is
accurate up to the 5σ significance level, which is computationally unfeasible. Fortunately, we can apply Wilks’ theorem (Section 4.1) and fit a χν2 PDF through our
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Fit: χν=1.17
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Figure 4.8: The background-only PDF of the likelihood-ratio test statistic (TS). The
blue crosses represent the histogram obtained by performing 105 trials, while the
red solid line is the best-fit χν2 PDF with ν = 1.17 degrees of freedom fit through
these trials. The TS threshold values corresponding with a 3σ significance level (α =
2.70×10−3 ) and 5σ significance level (α = 5.73×10−7 ) are indicated with the magenta
dash-dotted line and the green dashed line, respectively.
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105 background-only trials. The degrees of freedom ν are left as a free parameter in the fit, resulting in a best-fit value12 ν = 1.17. As shown in Figure 4.8, the
2
χν=1.17
PDF fits the trials very well, such that the background-only TS distribution
can confidently be described up to an arbitrary significance level.

4.3.2

Recovery of Injected Pseudosignal

To test the performance of the ULIRG stacking analysis when recovering an astrophysical signal, pseudosignal muon neutrinos are generated with MC simulations
analogous to those described in Sections 3.1.6 and 3.3. These pseudosignal neutrinos
are assumed to follow an unbroken power-law spectrum for each source k,
!−γk
Eν
Φk (Eν ) = Φ0,k
,
(4.18)
E0
with a normalization energy chosen13 at E0 = 10 TeV. The stacked flux of all M = 75
sources is then given by
M
X
Φstack ≡ Φνµ +ν µ =
Φk .
(4.19)
k=1

The flux normalization of the individual sources is related to the stacked flux normalization, Φ0 ≡ Φνµ +ν µ (E0 ), via
t
Φ0,k = PMk

j=1 tj

Φ0 ,

(4.20)

where tk is the theoretical stacking weight discussed in Section 4.2.2. Next, all
ULIRGs are assumed to have identical properties of hadronic acceleration and neutrino production, such that we can describe their spectra with the same spectral
index, γk = γ. The implications of this assumption are discussed in Section 4.3.3.
The stacked neutrino flux of Equation (4.19) can then be simplified to
!−γ
Eν
Φνµ +ν µ (Eν ) = Φ0
.
(4.21)
E0
A pseudosignal neutrino is simulated according to Equation (4.21), with a true
energy 100 GeV = Emin < Eν < Emax = 100 PeV, and a true direction exactly at the location of one of the 75 ULIRGs. It is then forced to interact within or near the detector, resulting in a track with a certain reconstructed direction and reconstructed energy, which is called a pseudosignal event. Pseudo-experiments are then expanded
by injecting such pseudosignal events to the scrambled data. In such a signal-plusbackground pseudo-experiment, the number of injected events14 is drawn from a
12 Ideally, one would expect a value ν = 2. The fact that the best-fit ν < 2 is a consequence of the fact

that the atmospheric background is itself well-described by a power-law spectrum with γ = 3.7 [344].
Consequently, the freedom of γ̂ in the likelihood fit is effectively reduced, as shown in Appendix D.
13 The choice of the normalization energy is rather arbitrary. Here, the final choice is motivated by
the fact that the ULIRG stacking analysis is sensitive to neutrinos with E0 = 10 TeV for all spectra
considered in this work.
14 Note that in this work, the number of injected pseudosignal events is generally very small compared to the number of evaluated background events. When the injected signal becomes too large
compared to the background, the point-source likelihood has to be modified to subtract such a signal
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Poisson distribution with a certain specified mean, µinj . This mean number of injected pseudosignal events is related to the stacked flux normalization as
!−γinj
Z Emax
Eν
dEν ,
(4.22)
µinj = Φ0 T
Aeff (Eν )
E0
Emin
where T is the GFU livetime (Section 3.3.1), and Aeff is the GFU effective area for
muon neutrinos15 (Section 3.3.2). The latter is convoluted with the assumed power
law of the injected pseudosignal, which has a spectral index γ = γinj . The relative number of events injected per source location is proportional to the theoretical
stacking weight of that source.
To test whether the likelihood fit parameters (n̂s , γ̂) can correctly recover the injection parameters (µinj , γinj ), 103 signal-plus-background trials are performed for
each combination of µinj ∈ {5, 10, ..., 500} and γinj ∈ {2.0, 3.0}. Other values of γinj
are explored in Appendix D. The so-called bias plots for n̂s and γ̂ are shown in
Figures 4.9 and 4.10, respectively. For γinj = 2.0, the value of n̂s systematically overestimates µinj , and this overestimation increases with µinj . For γinj = 3.0 a similar
bias is observed, although in this case n̂s systematically underestimates µinj . In both
cases, the spread in n̂s values remains relatively constant. For the fitted spectral index, γ̂ converges towards γinj as µinj increases. For low values of µinj , γinj is slightly
biased towards the typical value found for the atmospheric background (see Appendix D). In addition, the spread16 in γ̂ decreases with increasing µinj . This trend
is expected since the spectral features of the pseudosignal become more prominent
as more pseudosignal events are injected.
The observed fit bias for n̂s is a consequence of the fact that the background energy PDF (Figure 4.2) is constructed from data. Since the data has limited statistics,
this PDF is not well-described for e.g. reconstructed energies larger than several 10
TeV in the Northern Hemisphere. Consequently, for harder (resp. softer) spectra
such as e.g. γinj = 2.0 (resp. γinj = 3.0), the value of n̂s is generally overestimated
(resp. underestimated). A recent IceCube stacking analysis of AGN cores—which
only considers the Northern Sky where there is a good data/MC agreement (Figure 3.15)—has opted for the construction of the background energy PDF using MC
simulations [123, 386]. Thanks to the larger statistics of these MC simulations compared to the data, the AGN-core analysis yields unbiased fit parameters. Nevertheless, the n̂s bias observed in our ULIRG analysis is not of major concern. If we
were to observe a significant astrophysical signal when unblinding the data, then we
would simply have to correct17 n̂s for this bias in order to obtain the true number of
astrophysical ULIRG neutrinos.

component from the background PDF Bi . An example of an IceCube analysis using such a signalsubtraction method can be found in [113].
15 Note that a secondary contribution of ν + ν to the GFU track selection is not taken into account
τ
τ
in the analysis. Assuming equipartition, this contribution is expected to be ∼17% (Table 3.1). Consequently, the Φνµ +ν µ sensitivities and discovery potentials presented in Section 4.3.3 can be seen as
conservative.
16 The harder the injected spectrum, the more efficient the pseudosignal can be distinguished from
the background. Consequently, the spread in γ̂ is larger for γinj = 3.0 than for γinj = 2.0.
17 Of course, this correction would depend on the observed spectral index γ̂.
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Figure 4.9: Bias plots for the fitted number of signal events, n̂s , as a function of
the mean number of injected signal events, µinj . Panels (a) and (b) show these plots
for injected spectral indices γinj = 2.0 and γinj = 3.0, respectively. In each plot, the
median of the fit parameter is indicated (blue solid line), as well as the ±68% and
95% contours (dark blue and light blue bands, respectively), while the black dashed
line represents the ideal non-bias scenario.
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Figure 4.10: Bias plots for the fitted spectral index, γ̂, as a function of the mean
number of injected signal events, µinj . Panels (a) and (b) show these plots for injected
spectral indices γinj = 2.0 and γinj = 3.0, respectively. In each plot, the median of the
fit parameter is indicated (blue solid line), as well as the ±68% and 95% contours
(dark blue and light blue bands, respectively), while the black dashed line represents
the ideal non-bias scenario.
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Sensitivities and Discovery Potentials

Definition
Now that we have discussed the recovery of injected pseudosignal in our analysis,
we can ask ourselves the following questions: How sensitive is our analysis to an astrophysical signal from our selection of ULIRGs? And how strong should this signal
be in order to reject the background-only hypothesis with a certain significance level
α and power 1 − β (Section 4.1)? To answer these questions, the following quantities
are defined in IceCube analyses:
• Sensitivity. The amount of pseudosignal required such that in 90% of the
signal-plus-background trials, the obtained TS exceeds the median of the background-only TS distribution,18 as illustrated in Figure 4.11. This parameterization of the alternative hypothesis corresponds with a significance level
α = 0.5 and power 1 − β = 0.9. This 90% sensitivity is also the most stringent
upper limit at 90% confidence level that can be placed in case no signal is
observed in the unblinded data (see Section 5.1.2).
• Discovery potential. The amount of pseudosignal required such that in 50%
of the signal-plus-background trials, the obtained TS exceeds the nσ significance threshold of the background-only TS distribution. In particular, the
parameterizations of the 3σ and 5σ discovery potentials19 correspond with
a power 1 − β = 0.5 of the alternative hypothesis for the significance levels
α = 2.70 × 10−3 and α = 5.73 × 10−7 , respectively. The definition of the 5σ
discovery potential is also illustrated in Figure 4.11.

Figure 4.11: Schematic illustration defining the sensitivity and 5σ discovery potential [387]. The background-only PDF of the test statistic (denoted as λ) is shown in
black. The red and blue vertical lines correspond with the median and 5σ threshold of the background-only PDF. The signal-plus-background PDFs of the sensitivity
and discovery potential are shown in red and blue, respectively.

18 One expects that the median background-only TS ≈ 0 (corresponding with a median n̂ ≈ 0).
s
Indeed, a median value TS = 0.07 in the 105 background-only trials presented here.
19 As mentioned previously, a 5σ significance level is required to claim a discovery in particle
physics. Between 3σ and 5σ we make the weaker claim that we have found evidence for a certain
signal component in the data. Hence, the 3σ discovery potential might better be called the “3σ evidence potential.”
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The above quantities each correspond with a certain mean number of injected
signal events, µinj , and they depend on the assumed spectrum of the astrophysical
signal. Here, the assumptions of Section 4.3.2 are followed, and the spectrum of
ULIRGs is described by a power law with a single spectral index γ = γinj for all
ULIRGs—see Equation (4.21). The sensitivities and discovery potentials are then
computed using the efficiency curve method outlined below.
Computation
Let fthresh be the fraction of trials with a TS ≥ TSthresh , where the TS threshold is
the median, 3σ value, or 5σ value of the background-only TS distribution (see Table 4.3). The aim is to find the value of µinj such that fthresh = 0.9 (resp. fthresh = 0.5)
to obtain the sensitivity (resp. discovery potentials). For each γinj value of interest, first 103 trials are performed for selected pseudosignal strengths in the range
µinj ∈ [1, 500]. Subsequently, an efficiency curve is fitted through fthresh as a function
of µinj . This curve is parameterized according to a χν2 cumulative distribution function (CDF), with ν the degrees of freedom. The fit is limited to values fthresh < 1.0 for
the sensitivity and 0.1 < fthresh < 0.9 for the discovery potentials, in order to avoid
biases due to the tails of the distributions.
To illustrate this method, Figure 4.12 shows the efficiency curves for the sensitivity, 3σ , and 5σ discovery potentials, respectively, for γinj ∈ {2.0, 3.0}. The corresponding values of µinj of these quantities are listed in Table 4.3 for completeness.
In addition, Figure 4.13 shows the signal-plus-background TS distributions corresponding with the sensitivity, 3σ , and 5σ discovery potentials for γ ∈ {2.0, 3.0}. Note
that these PDFs correspond with the trials for µinj values that best approximate the
sensitivities and discovery potentials obtained with the efficiency curve method.

TSthresh

Quantity

µinj for γinj = 2.0

µinj for γinj = 3.0

0.07
9.13
26.33

Sensitivity
3σ disc. pot.
5σ disc. pot.

11.10
19.36
39.07

54.06
115.08
211.70

Table 4.3: Values of the sensitivities and discovery potentials in terms of the mean
number of pseudosignal events, µinj , for injected power-law spectra with spectral
indices γinj = 2.0 and γinj = 3.0. These values were obtained using the efficiency
curve method shown in Figure 4.12. The corresponding TS thresholds, TSthresh , are
also given.
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Figure 4.12: Efficiency curve method used to determine the sensitivity (top row),
3σ discovery potential (middle row), and 5σ discovery potential (bottom row) of
the ULIRG stacking analysis (see Table 4.3 for the exact values). The left and right
columns show the efficiency curves for injected pseudosignal following a power-law
spectrum with spectral index γinj = 2.0 and γinj = 3.0, respectively. In each panel, the
blue data points represent sets of 103 trials performed for different values of µinj ,
while the full red line indicates the χ2 CDF fit through these trials. The dashed lines
indicate which signal strength corresponds with the required fraction threshold.
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Figure 4.13: Signal-plus-background PDFs of the likelihood ratio test statistic (TS),
each found by performing 103 trials. They correspond with the sensitivity, 3σ , and
5σ discovery potentials (blue, magenta, and red histograms, respectively) for injected
spectral indices γinj = 2.0 (left column) and γinj = 3.0 (right column). These quantities are given in terms of the number of injected pseudosignal events, µinj , and the
corresponding PDFs are shown in the top, middle, and bottom rows, respectively.
The TS thresholds corresponding with the median, 3σ , and 5σ significance levels of
the background-only TS PDF (Figure 4.8) are indicated with the blue dashed, magenta dash-dotted, and red full lines, respectively.
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Blind Results
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Figure 4.14 shows the sensitivity, 3σ , and 5σ discovery potentials for an astrophysical pseudosignal from the representative sample of 75 ULIRGs as a function its
spectral index γ. Panel (a) of Figure 4.14 shows these quantities in terms of the
stacked muon-neutrino flux at the normalization energy E0 = 10 TeV. However, note
that the shape of this plot can be misleading, since one might e.g. erroneously conclude that the analysis is more sensitive to an Eν−3.2 spectrum than an Eν−2.8 spectrum.
Such a conclusion does not take into account the neutrino energy range over which
the analysis is actually sensitive, which strongly depends on the spectral index γ.
The energy ranges of the sensitivity shall be discussed in Section 5.1.2.
It is therefore more intuitive to plot the sensitivity and discovery potentials of
the ULIRG analysis in terms of the mean number of injected neutrino events in 7.2
years of GFU data, as shown in Panel (b) of Figure 4.14. This number is related to
the flux normalization via Equation (4.22). For γ = 2.0 (resp. γ = 3.0), the analysis is
sensitive to ∼11 (resp. ∼55) ULIRG neutrinos, while ∼29 (resp. ∼160) events would
be required to obtain a 50% probability for a 5σ discovery (see also Table 4.3). To
put this into perspective, the total number of events in the GFU sample, which is
dominated by atmospheric background, is about 1.5 × 106 (Table 3.2). The fact that
the sensitivity and discovery potentials improve for harder spectra—less events are
required to potentially observe a signal—is due to the fact that harder spectra are
better distinguishable from the atmospheric background.20
Finally, one of the main assumptions of this analysis is shortly addressed, which
is that all ULIRG emit neutrinos according to the same power-law spectrum. A
more realistic scenario is one where each ULIRG has its own spectral index21 γk , as
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Figure 4.14: Sensitivity, 3σ , and 5σ discovery potentials (blue dashed, magenta dashdotted, and red full lines, respectively) as a function of the spectral index γ, for in−γ
jected pseudosignal following an unbroken Eν power-law spectrum. Panels (a) and
(b) show these quantities in terms of the stacked flux at the normalization energy
E0 = 10 TeV, Φνµ +ν µ (E0 ), and the total number of injected pseudosignal events, respectively.

20 Recall that the atmospheric neutrino background is well-described by an E −3.7 spectrum (Section 3.1.5).
21 It is reasonable to assume that each neutrino source would manifest some kind of power-law
behavior. However, instead of being an unbroken power law, it is also possible that the neutrino
spectrum features a break or a cutoff within the sensitive energy range of IceCube. A discussion of
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in Equation (4.18). Such a variation in the spectral index could e.g. be the result
of a different relative starburst-versus-AGN contribution to the neutrino flux, which
depends on the IR luminosity (Figure 2.5). The stacked neutrino flux of the selected
ULIRGs would then not be a simple power-law spectrum as in Equation (4.21). This
effect is also known as spectral-index blending [150].
The effect of such a spectral-index blending scenario to this analysis is only performed qualitatively.22 As mentioned in Section 4.2.2, the fitted spectral index γ̂ is
computationally limited to a single global value in the stacking likelihood. Consequently, the value of γ̂ would be biased towards the true γk values of the sources that
provide most of the neutrino flux at Earth. If all ULIRGs emit neutrinos, γ̂ would
be biased towards nearby northern sources due to the chosen stacking weights that
enter the likelihood. Sources with a smaller stacking weight are not expected to
strongly influence the value of γ̂, although they can still significantly contribute to
the fitted number of neutrinos, n̂s . Hence, the sensitivity of this analysis to such
a spectral-index blending scenario is roughly expected to lie within the range of
sensitivities presented in Figure 4.14.

4.3.4

Stacking 75 versus 189 ULIRGs

In the final analysis, 75 ULIRGs are stacked which were selected to obtain a representative sample of the local ULIRG population. As such, the analysis results can be
extrapolated to study the neutrino emission of the full ULIRG population. A question that can be raised is whether stacking 75 objects instead of the initial selection
of 189 ULIRGs has an impact on the sensitivity of this search. On average, stacking
more sources improves the sensitivity of an analysis to observe fainter sources (Figure 4.5). However, this improvement is asymptotic, and also depends on the weights
used in the stacking.
Let us therefore investigate the effect of stacking 75 versus 189 ULIRGs in the
analysis. In contrast to the final analysis, where the sources are weighted accord−2
is used in this
ing to their total IR flux FIR , a theoretical weighting scheme tk = dL,k
comparison (both in the likelihood fit as in the signal injection), where dL,k is the
luminosity distance to source k. Since there is a strong correlation between FIR and
dL−2 , as shown in Figure 4.7, the main conclusions of this comparison hold for the final analysis. Using the notations defined in Section 4.3.2, the average (single-flavor)
neutrino luminosity per source can be determined between E1 = 10 GeV and E2 = 10
PeV,
Z E2
2
hLν i = 4πdL,k
Eν Φk (Eν ) dEν
E1

4π Φ
= PM 0−2
j=1 dL,j

Z

E2

E1

Eν
E0

!1−γ

dEν .

(4.23)

Here, Eν Φk = Eν dNk /dEν is the muon-neutrino energy flux of source k.
these more elaborate spectral features is omitted here, since the aim of this study is to provide the first
generic neutrino analysis of the ULIRG source class.
22 In a quantitative approach, one could follow the method presented in [150] for the injection of
pseudosignal. Here, each γk would be drawn randomly from a distribution of spectral indices. In
[150], this distribution is found by fitting a Gaussian PDF through the resolved gamma-ray spectral
indices of SFGs. Such a quantitative sensitivity estimation for a spectral-index blending scenario falls
outside the scope of this work.
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Using Equation (4.23), the sensitivity and discovery potential of the analysis
can be translated from flux normalization, Φ0 , to average neutrino luminosity per
source. The corresponding sensitivities and discovery potentials found by stacking
M = 75 and M = 189 ULIRGs are compared in Figure 4.15. Stacking 75 sources does
not have a major impact on the sensitivity of this search compared to stacking 189
sources. Typically, the latter improves the sensitivity and discovery potential of the
analysis by ∼20–40%. This relatively small impact can be attributed to the choice
of stacking weights. As shown in Figure 4.7, the 75 ULIRGs with z ≤ 0.13 are those
which dominate the theoretical stacking weights—both in terms of dL−2 and FIR —in
the case of stacking 189 sources. Hence, analyzing all 189 objects does not add a
substantial cumulative weight to the stacking, and therefore only results in a minor
improvement of the sensitivity.
Stacking ULIRGs with dL−2 weights

hLν i per source [erg s−1]

1030
1026
1022

189 ULIRGs sensitivity
189 ULIRGs 5σ disc. pot.

1018

75 ULIRGs sensitivity
75 ULIRGs 5σ disc. pot.

1014

189
hL75
ν i/hLν i

1.8
1.6
1.4
1.2
1.0
0.8

Sensitivity
5σ disc. pot.

1.5

2.0

2.5

Spectral index γ

3.0

3.5

Figure 4.15: Comparison of the sensitivities (more transparent lines) and discovery
potentials (more opaque lines) when stacking 189 and 75 ULIRGs, indicated with
the red full lines and blue dashed lines, respectively. The top panel shows these
quantities in terms of the average per-flavor neutrino luminosity per source, hLν i, as
a function of the spectral index γ. The bottom panel shows the luminosity ratio of
stacking 75 ULIRGs to stacking 189 ULIRGs, where the light and dark magenta lines
represent the sensitivity and 5σ discovery potential ratios, respectively.

4.3.5

Crosscheck of Analysis Software

The ULIRG stacking analysis was developed using the SkyLab software framework.
As a final consistency check before unblinding the data, an investigation is conducted on the compatibility of SkyLab with Csky,23 which is the other main24 software package used in IceCube analyses. Both SkyLab and Csky are written in Python,
23 Available at https://github.com/icecube/csky.
24 Currently, a novel analysis framework named SkyLLH is being developed within IceCube [388].

This software includes the non-Gaussian description to the spatial signal PDF discussed in Section 4.2.1.
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E02 Φνµ+ν µ (E0) [TeV cm−2 s−1]

although the latter also has some underlying structure written in C in order to gain
computational performance. In any case, apart from some minor differences that are
omitted here, the two software packages essentially apply the same analysis method
that was described above. They are therefore expected to yield compatible sensitivities and discovery potentials for an astrophysical signal following the injection
spectrum of Equation (4.21).
The two software packages are compared for a stacking analysis of the initial
selection of 189 ULIRGs (Section 2.3.1) using a dL−2 theoretical weighting scheme,
as in Section 4.3.4. Note that this choice is again only relevant for the comparison
presented here, and not representative of the final analysis. The sensitivities and
5σ discovery potentials obtained with SkyLab and Csky are shown in Figure 4.16.
A good agreement is found between the two frameworks. The deviations in the
sensitivities and discovery potentials computed with SkyLab and Csky lie between
5–20%, which is an expected range for the statistical fluctuations of these quantities.

10−10

Stacking 189 ULIRGs with dL−2 weights
E0 = 10 TeV

10−11
10−12

SkyLab sensitivity
SkyLab 5σ disc. pot.

10−13

Csky sensitivity
Csky 5σ disc. pot.

10−14

SkyLab
Csky
Φ0
/Φ0

1.3
1.2
1.1
1.0
0.9
0.8

Sensitivity
5σ disc. pot.

1.5

2.0

2.5

Spectral index γ

3.0

3.5

Figure 4.16: Comparison of the sensitivities (more transparent lines) and discovery potentials (more opaque lines) computed with SkyLab and Csky, indicated with
the red full lines and blue dashed lines, respectively. The top panel shows these
quantities terms of the stacked flux at the normalization energy E0 = 10 TeV,
Φνµ +ν µ (E0 ) ≡ Φ0 , as a function of the spectral index γ (analogous to Panel (a) of Figure 4.14). The bottom panel shows the SkyLab-to-Csky ratios of these flux normalizations, where the light and dark magenta lines represent the sensitivity and 5σ
discovery potential ratios, respectively.

Chapter 5
Results and Implications for
Neutrino Emission from ULIRGs

”
”

Absence of evidence is not evidence of absence.
— Carl Sagan
The data is IceCube, but the interpretation is
mine.
— Francis Halzen

Introduction
This Chapter presents the main scientific results of this thesis. First, the stackinganalysis method of Chapter 4 will be applied to search for astrophysical neutrinos
from ULIRGs, selected in Chapter 2, in 7.2 years of IceCube GFU data, described in
Chapter 3. As will be discussed in Section 5.1, the stacking analysis yields a null
result, such that upper limits are computed on the neutrino flux originating from
the selection of 75 nearby ULIRGs.
Subsequently, the null result will be interpreted in the context of the diffuse neutrino observations discussed in Chapter 1. In Section 5.2, ULIRGs will be excluded
as the sole population of sources responsible for the diffuse astrophysical neutrino
flux. Furthermore, in Section 5.3 these results shall be compared to the model predictions of diffuse neutrino emission from ULIRGs described in Chapter 2. More
specifically, it will be shown that the null results of this search yield constraints on
possible neutrino emission mechanisms in ULIRGs.

5.1
5.1.1

Unblinding Results
Best-Fit Parameters

Using the analysis method described in Section 4.2, the unscrambled 7.2 years of
GFU data are used to test for any evidence of astrophysical neutrinos originating
from the selection of 75 ULIRGs. The likelihood space of the unblinded analysis is
shown in Figure 5.1. A best-fit value n̂s = 0 is found for the number of astrophysical
signal events, such that the best-fit spectral index γ̂ of a signal flux following an unbroken power law remains undetermined. Consequently, the observed test-statistic
value is TSobs = 0, which yields a p-value p = 1.0. Thus, it can be concluded that the
GFU data is compatible1 with a background-only scenario.
1 Recall that in particle physics, we generally require a 3σ significance (p ≤ 2.70 × 10−3 ) to report
a first sign of evidence, and a 5σ significance (p ≤ 5.73 × 10−7 ) to claim a discovery and reject the null

hypothesis. A p-value p = 1.0 indicates that the data is “perfectly” compatible with the null hypothesis.
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Unblinded likelihood space
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Figure 5.1: Likelihood space of the ULIRG stacking analysis using the unscrambled
GFU data. Here, the likelihood ratio λ ≡ log[L(ns , γ)/L(ns = 0)], which is related to
Equation (4.15), is shown as a function of the fit parameters ns , the number of sig−γ
nal events, and γ, the spectral index for an Eν signal flux. The best-fit parameters
(n̂s , γ̂) that maximize the likelihood are denoted by the red star. Note that γ̂ is degenerate since n̂s = 0. The value of γ̂ indicated here is the output of the likelihood
maximization by SkyLab.

5.1.2

Integral Upper Limits

Computation and Interpretation
Since the analysis yields a null result, upper limits are set on the stacked muonneutrino flux from the selection of 75 ULIRGs. The upper limits are determined by
constructing single-sided confidence intervals using Neyman’s frequentist method
[389]. A detailed overview of this method was given in a previous work [384]; the
discussion here is restricted to the application of Neyman’s method in the context of
this analysis. For a fixed spectral index γ, the confidence level of an upper limit on
the stacked flux normalization is defined as
Z∞
(5.1)
CL =
Ts (TS0 |Φ0CL , γ) d(TS0 ).
TSobs

Here, Ts represents the signal-plus-background PDF of the test statistic. Given the
observed value TSobs , the flux normalization Φ0CL is determined such that Equation (5.1) is satisfied for a given CL. In the following, the confidence level is set to
CL = 90%, and the corresponding upper limit on the flux normalization is denoted
by Φ090% .
Practically, upper limits are determined in an analogous manner to the sensitivity (Section 4.3.3). For each γ, the signal-plus-background TS PDFs are constructed
by performing 103 pseudo-experiments for each choice of the pseudosignal strength.
The upper limit Φ090% then corresponds with the signal strength such that in 90%
of the trials, TS ≥ TSobs . The smaller the value of TSobs (i.e. the smaller n̂s ), the
more stringent this upper limit becomes. Generally, in IceCube searches a policy is
applied where the most stringent upper limit that can be reported coincides with
the sensitivity. That is, were we to observe a TSobs < TSmed , which is the median of
the background-only TS distribution, then we would report the value of Φ090% found
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by setting TSobs = TSmed in Equation (5.1). Usually, TSmed ≈ 0, such that the most
stringent upper limit is obtained for an observed value TSobs ≈ 0. Hence, this most
stringent upper limit is obtained when n̂s ≈ 0, as expected, since the likelihood fit
was restricted to n̂s ≥ 0 (Section 4.2.3).
In this analysis, a value TSobs = 0 is observed, while the median of the background-only TS distribution is TSmed = 0.07, which is compatible with zero2 for
all practical purposes. Therefore, the upper limits at 90% CL are set equal to the
sensitivities given in Figure 4.14. For completeness, Table 5.1 lists the upper limits
on the stacked flux normalization at E0 = 10 TeV, Φ090% , for some specific values of
the spectral index γ.
It should be noted that in general, upper limits such as those computed here
should be interpreted with caution. An upper limit Φ090% at 90% CL means that if
we were to repeat this experiment, the single-sided confidence interval defined by
our upper limit, [0, Φ090% ], would contain the true value of Φ0true in 90% of the experiments. Here it was already anticipated that the true flux is physically bound to
Φ0true ≥ 0. However, underfluctuations, i.e. n̂s < 0, were not allowed in the analysis
(Section 4.2.2). As a post-unblinding check, the maximum-likelihood fit is recomputed, but now allowing for n̂s < 0. A best-fit n̂s = −100 is found, which roughly
corresponds to a 2σ underfluctuation. If we were to compute Φ090% using Equation (5.1) with the corresponding TSobs = −49.90, we would obtain a negative value
of Φ090% , yielding an “empty” confidence interval, which is unphysical.
The reason why Neyman’s method leads to such empty confidence intervals is
because it is not designed to take into account any physical restrictions on the true
flux normalization, i.e. Φ0true ≥ 0. By setting the most stringent upper limit equal to
the sensitivity in IceCube analyses, we somewhat artificially avoid this problem. As
a consequence, our confidence intervals [0, Φ090% ] are likely yielding some overcoverage. Overcoverage means that while we state that our CL is 90%, our confidence
intervals would contain the true value of Φ0true in more than 90% of the experiments.
Spectral index γ

Upper limit E02 Φν90%
+ν (E0 )
µ

µ

[10−12 TeV cm−2 s−1 ]

2.0
2.12
2.37
2.5
2.89
3.0

1.2
1.7
2.7
3.2
3.6
3.3

Table 5.1: Integral upper limits at 90% CL on the stacked astrophysical muon, at the normalization energy E0 = 10
neutrino flux of the 75 analyzed ULIRGs, Φν90%
µ +ν µ
−γ
TeV, for various unbroken Eν power-law spectra (see the sensitivity curve in Figure 4.14 for other values). Note that the limits are scaled with E02 . The value
γ = 2.37 corresponds with the 9.5-yr best-fit diffuse muon-neutrino measurement
in the Northern Sky [92]. The value γ = 2.89 corresponds with the 7.5-yr best-fit
diffuse measurement using the high-energy starting event sample (HESE) [91]. The
other spectral-index values will be used for further interpretation of these limits.

√

2 If one estimates the uncertainty on TS
med as σTS π/2 [390], where σTS is the standard deviation
of the background-only distribution, one finds that TSmed = 0.07 ± 1.74.
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Therefore, the upper limits at 90% CL stated in this work can be seen as conservative. We do note that Feldman & Cousins developed a method of constructing confidence intervals that is able to take into account physical bounds on the statistical
parameter in question [391]. They achieve this by computing a ratio of the likelihood for a range of physically allowed model parameters to the likelihood that best
fits the data. These ratios are then ordered from large to small, until a required CL
is obtained. Computing such Feldman-Cousins upper limits falls beyond the scope
of this thesis,3 but more details about this method can also be found in [384].
Central Energy Range
The upper limits on the stacked muon-neutrino flux from ULIRGs were determined
by injecting pseudosignal neutrinos with energies 100 GeV < Eν < 100 PeV accord−γ
ing to an Eν unbroken power-law spectrum. Using Equation (4.22), the mean number of injected events, µinj , was then related to the flux normalization, Φ0 . Since
the spectrum was integrated over the complete 100 GeV–100 PeV energy range in
Equation (4.22), these limits are also referred to as integral limits. However, not all
neutrino energies within this range will contribute equally to the upper limit, due
to the detection efficiency as reflected by the effective area Aeff (Section 3.3.2).
To quantize this effect, for each spectral index γ of interest, the so-called 90%
central energy range is determined, [Emin , Emax ], of pseudosignal neutrinos that
contribute to 90% of the total sensitivity,4 Φ0 . These bounds are defined such that
1−

Φ0
Eν ≥Emin
Φ0

= 1−

Φ0
Eν ≤Emax
Φ0

≡ 5%.

(5.2)

E ≥E

Here, Φ0 ν min is the sensitivity obtained by restricting the energies of injected pseudosignal neutrinos to Emin < Eν < 100 PeV in Equation (4.22),
E ≥E
Φ0 ν min

"Z
∝

100 PeV
Emin

Eν
Aeff (Eν )
E0

!−γ

dEν

#−1

.

(5.3)

E ≤E

Analogously, Φ0 ν max is the sensitivity obtained by restricting the energies of injected pseudosignal neutrinos to 100 GeV < Eν < Emax ,
E ≤E
Φ0 ν max

"Z
∝

Emax

Eν
Aeff (Eν )
E0
100 GeV

!−γ

dEν

#−1

.

(5.4)

Thus, the minimum (resp. maximum) bound is defined as the energy Emin (resp.
Emax ) such that the sensitivity flux computed by restricting pseudosignal neutrinos
to energies Eν ≥ Emin (resp. Eν ≤ Emax ) increases5 with 5% relative to the sensitivity
flux integrated over the complete 100 GeV–100 PeV energy range.
In practice, the minimum energy bound (resp. maximum energy bound) is determined by gradually increasing Emin (resp. decreasing Emax ) in steps of log10 (Eν /GeV)
= 0.2. This process is illustrated in Figure 5.2 for a selection of spectral indices
γ ∈ [2.0, 3.0]. As expected, we see that overall, increasing Emin (resp. decreasing
3 It is also worth noting that a Bayesian approach [376], where so-called credibility intervals are

constructed, could also deal with physical restrictions on statistical parameters.
4 Recall that the upper limits at 90% CL are set equal to the sensitivity.
5 An increase of the sensitivity flux with 5% means that the sensitivity worsens with 5%.
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Figure 5.2: Determination of the 90% central energy range of the sensitivity for several spectral indices γ. Here, Φ0 denotes the flux normalization of the sensitivity
computed over the full [100 GeV,100 PeV] energy range. Panel (a) shows that as the
minimum energy bound Emin is increased in steps of log10 (Eν /GeV) = 0.2, the sensiE ≥E
tivity flux normalization computed over the [Emin ,100 PeV] energy range, Φ0 ν min ,
increases with respect to Φ0 . Analogously, Panel (b) shows that as the maximum
energy bound Emax is decreased in steps of log10 (Eν /GeV) = 0.2, the sensitivity flux
E ≤E
normalization computed over the [100 GeV, Emax ] energy range, Φ0 ν max , increases
with respect to Φ0 . The 90% central energy ranges are defined by the smallest Emin
values and largest Emax values for which this relative increase in flux is ≥5% (the 5%
mark is denoted by the black dotted lines). These values are listed in Table 5.2.

Emax ) results in a relative increase of the sensitivity flux. The “kinks” that are sometimes observed between two neighboring steps are due to statistical fluctuations in
the computation of the sensitivity. For harder spectra, the sensitivity is driven by
very few pseudosignal events (Figure 4.14), such that a small fluctuations in this
number can result in an upward “kink” as observed at log10 (Emax /GeV) = 6.8 for
γ = 2.12. The minimum bound (resp. maximum bound) of the 90% central energy
is obtained by finding the first value of Emin (resp. Emax ) for which Equation (5.2)
yields a fraction ≥5%. The 90% central energy ranges6 obtained with this method
are listed in Table 5.2.
Spectral index γ

log10 (Emin /GeV)

log10 (Emax /GeV)

2.0
2.12
2.5
3.0

4.0
3.8
3.0
2.6

7.0
6.8
5.8
4.8

Table 5.2: The 90% central energy ranges, [Emin , Emax ], of the sensitivities corresponding to some chosen values of the spectral index γ. These energy ranges were
determined using the method illustrated in Figure 5.2.

6 Note that in the case of e.g. an E −3 spectrum, for which log (E
ν
10 max /GeV) = 4.8, the central energy

range does not imply that the analysis is not sensitive to an astrophysical PeV event. It means that
statistically, for this spectrum, it is unlikely for such a PeV event to be observed in 7.2 years of GFU
data.
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Differential Upper Limits

As discussed in Section 5.1.2, integral limits are computed by normalizing the
stacked flux to the number of pseudosignal events by integrating Equation (4.22)
between 100 GeV and 100 PeV. This integration depends on the assumed spectrum
of the pseudosignal—a power law in our case. Consequently, integral limits do not
reflect the energy dependence of the IceCube experiment to any arbitrary signal
spectrum. Thus, differential limits at 90% CL are also computed, which essentially
correspond with the IceCube sensitivity to any astrophysical signal from ULIRGs at
a specific energy.7
In practice, the differential8 limits are determined by computing the sensitivity
of this analysis in a certain energy bin [Ei , Ei+1 ]. This computation is done by generating pseudosignal events according to an Eν−2.0 spectrum in that specific energy
bin,9 and calculating the corresponding flux normalization as
[E ,E ]
Φ0 i i+1

Z

∝ 

Ei+1
Ei

Eν
Aeff (Eν )
Ei

!−2.0

−1

dEν  .

(5.5)

The better the energy resolution of the detector, the smaller one can take the energy
bins to describe the differential IceCube sensitivity. For tracks, the energy resolution
is rather poor (Section 3.2.3), such that here, one bin is set equal to one decade in
energy, Ei+1 = 10Ei . Table 5.3 lists the differential limits of the ULIRG stacking
analysis between 100 GeV and 100 PeV. As expected, the most stringent differential
limit corresponds with the 100 TeV–1 PeV energy bin, which is where IceCube has
most of its νµ + ν µ point-source sensitivity [116].
Energy bin [Ei , 10Ei ]

Upper limit Ei2 Φν90%
+ν in bin
µ

µ

[TeV]

[10−12 TeV cm−2 s−1 ]

[10−1 , 100 ]
[100 , 101 ]
[101 , 102 ]
[102 , 103 ]
[103 , 104 ]
[104 , 105 ]

2.9 × 102
17
3.7
3.0
7.6
24

Table 5.3: Differential upper limits at 90% CL on the stacked astrophysical muonneutrino flux of the 75 analyzed ULIRGs, Φν90%
, per bin of energy decade, [Ei , 10Ei ],
µ +ν µ
between 100 GeV–100 PeV. Note that each limit is scaled with the corresponding
value of Ei2 .
7 It is a common—and sometimes confusing—practice to describe both differential and integral

limits in terms of a differential flux dN /dEν (as defined in Appendix A). By definition, differential
limits are truly “differential.” On the other hand, integral limits are normalized to the total number of
−γ
injected events (i.e. the total flux according to Appendix A), for which dN /dEν ∝ Eν is assumed as a
differential shape.
8 Due to the fact that we are limited by IceCube’s energy resolution for the bin size, these are in fact
quasi-differential limits, although the prefix “quasi” will be omitted in the following.
9 The choice for an E −2.0 spectrum is completely arbitrary and is only used in a practical sense for
ν
the generation of pseudosignal. When computing differential limits, we can in any case not distinguish
a spectral shape per energy bin. One could also e.g. opt for an Eν−3.0 spectrum for the signal generation
and obtain equivalent results.
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Systematic Uncertainties

As described above and in Section 4.3.2, upper limits and sensitivities are computed
by injecting simulated pseudosignal events to scrambled data. The GFU effective
area, which is a measure for the detector response after the GFU event selection,
is used to translate the number of events to a neutrino flux under an assumed signal spectrum. This process requires MC simulations, which introduce systematic
uncertainties through the usage of a certain ice model, the expected DOM efficiency, and other detection effects (see below). Note that systematic uncertainties
from background are considered to be negligible, since the background is described
using scrambled data in the analysis.
Practically, the effect of such systematic uncertainties is studied by varying one
quantity of interest in the simulation. Subsequently, a new MC sample is generated
and passed through the entire event selection. Finally, the complete blind analysis
is repeated and the sensitivities are recomputed. As such, we can estimate the effect
of any systematic variation at the sensitivity level. Here, the works of [116, 392] are
quoted, in which detailed investigations were performed on the systematic uncertainties of time-integrated point-source searches, such as the one presented in this
thesis.
The main systematic uncertainties that affect the ULIRG stacking analysis, for a
νµ + ν µ pseudosignal following an Eν−2 power-law spectrum, are listed below:
• DOM efficiency. At a wavelength of 390 nm, the optimal quantum efficiency
of typical IceCube DOMs is 25% (Section 3.1.2). However, the DOM efficiency
for continuous Cherenkov radiation in the South Pole ice is not fully understood. In particular, if the DOM efficiency is lower, less per-event photon
counts will yield a lower total deposited charge in the detector. Due to the
charge cuts in the GFU event selection (Section 3.3.1), this will affect the number of expected signal events in the GFU sample. Moreover, less photon counts
will worsen the overall quality of event reconstructions (Section 3.2). Using a
conservative systematic uncertainty of 10% on the DOM efficiency, this affects
the analysis sensitivity by ∼8%.
• Ice properties. As mentioned in Section 3.1.1, LED flashers on the DOMs are
used to perform in-situ measurements of the optical properties of the glacial
ice. The uncertainties on both the absorption and scattering coefficients are
found to be .10%. These uncertainties then propagate through the ice models
used in IceCube reconstructions. In particular, larger absorption coefficients
would result in a smaller photon yield at the DOMs, resulting in poorer reconstruction qualities. Varying the scattering and absorption coefficients by 10%
results in a systematic uncertainty of ∼6% on the analysis sensitivity.
• Muon propagation. Track reconstructions model the energy loss of muons
that propagate through the ice, which is proportional to their light yield in
the detector (Section 3.2). In particular, this requires a description of the photonuclear10 interaction cross section in the highly stochastic regime, for which
different models have been investigated. The resulting systematic error on the
analysis sensitivity, which is determined by varying the photonuclear interaction model used in the reconstruction, is ∼6%.
10 In this case, “photonuclear” stands for the exchange of a virtual photon between the muon and

atomic nucleon [393].

126

Chapter 5. Results and Implications for Neutrino Emission from ULIRGs

The overall systematic effect on the Eν−2 sensitivity of the ULIRG stacking analysis is found by computing the quadratic sum of the individual errors, yielding a
total systematic uncertainty of ∼12%. This value may vary depending on the simulated signal spectrum, since the systematic effects described above are energy dependent. Nevertheless, the total systematic uncertainty is generally expected to be
.15% [394]. This conservative value is adopted to scale the upper limits in the
remainder of this work, although it should be noted that it does not affect the interpretation of the analysis results given in Sections 5.2 and 5.3.

5.2
5.2.1

Constraints on the ULIRG Source Population
Extrapolation of Analysis Results to Diffuse Upper Limits

Up to this point, upper limits have been obtained on the stacked muon-neutrino
flux, Φν90%
, from the representative sample of 75 ULIRGs. To interpret these reµ +ν µ
sults, upper limits will be determined on the cumulative diffuse muon-neutrino flux
of the full ULIRG source population. These diffuse-flux limits will be extrapolated
from the stacked-flux limits by effectively integrating the contribution of all ULIRGs
to the neutrino emission over cosmic history. Such a cosmological integration is
non-trivial, since one needs to take into account the expansion of the Universe, the
redshift evolution of the source luminosity function, and the redshift effects on the
energy spectra of the sources.
Diffuse Neutrino Flux of the ULIRG Source Population
Let us first consider the neutrino emission of a generic source population up to a
maximum redshift zmax . As shown in e.g. [145,146,150,243], the cumulative diffuse
neutrino energy flux at Earth (per flavor assuming equipartition) originating from
all sources in this population is given by11,12
z≤z
Eν2 Φν +νmax (Eν ) =
`
`

1
3

Z

zmax

0

dL2
c
dz
2
(1 + z) H(z)
Z log Lmax
hν Lν (ν , z)i
×
ρν (Lν , z) d log Lν .
4πdL2
log Lmin

(5.6)

p
Here, dL is the luminosity distance, and H(z) = H0 Ωm (1 + z)3 + ΩΛ represents the
evolution of the Hubble parameter over cosmic history. The quantity hν Lν i, where
ν = (1 + z)Eν takes into account the energy loss due to the cosmological expansion,
is the average13 differential all-flavor neutrino
luminosity of a source at a redshift z
R
with a total neutrino luminosity Lν = Lν dν . This average is taken per bin of the
11 The redshift integral in Equation (5.6) stems from an integration over comoving volume [145]. A
2
comoving
R z volume element can be written as dVC = dC d(dc ) dΩ, with the comoving distance given by
dC = c 0 dz0 /H(z0 ), which is on its turn related to the luminosity distance via dC = dL /(1 + z). Since a
diffuse flux is given per unit of solid angle dΩ, the solid-angle integration is omitted in Equation (5.6).
In any case, since the Universe is isotropic [46], integrating over dΩ would result in a factor 4π.
12 A similar integral can be written down for gamma rays, although in this case, one has to take into
account the optical depth τγγ (Eγ , z) for gamma-ray interactions with the EBL and CMB [243].
13 Such an average accounts for the different spectral shapes that contribute to the overall luminosity
density of the source population at a redshift z. For example, in a spectral-index blending scenario
where all sources are described by a power law but with a varyingR spectral index, one would average
over the spectral-index distribution p(γ) of the sources, hν Lν i = p(γ) ν Lν (ν |γ) dγ [150].
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neutrino luminosity function, ρν (Lν , z) = dn/d log Lν (z), which describes the redshift
evolution of the source population over some range Lmin ≤ Lν ≤ Lmax . More precisely, the luminosity function yields the number density of sources per comoving
volume element, per logarithmic interval in total neutrino luminosity.
In order to solve Equation (5.6) for the ULIRG source population and relate its
solution to a diffuse upper limit, the results of this work are based on the following
set of assumptions:
1. ULIRGs have identical properties of hadronic acceleration and neutrino production over cosmic history, ν Lν (ν , z) = ν Lν (ν ). In particular, all ULIRGs
are assumed to emit neutrinos according to the same unbroken power-law
2−γ
spectrum, ν Lν ∝ ν . This assumption, already introduced in Section 4.2,
is mostly motivated by the fact that the diffuse IceCube observations show no
evidence for more intricate features in the neutrino spectrum (Section 1.2.1).
Hence, the average differential neutrino luminosity can be simplified to
hν Lν (ν )i = ν Lν (ν ), and it can be taken out of the luminosity integration.
Note, however, that it is more realistic for ULIRGs to exhibit some form of
spectral-index blending (Section 4.3.3) and for their spectrum to have some
high-energy cutoff (Section 2.2.1). Nevertheless, the assumption made here
will still allow for novel insights into the neutrino-production mechanisms of
ULIRGs.
2. The total IR luminosity is a direct measure of the total neutrino luminosity,
Lν ∝ LIR . This assumption is motivated by the fact that non-thermal emission in ULIRGs and SFGs in general, which could be an indicator for hadronic
acceleration and neutrino production, is strongly correlated to the IR luminosity (Section 2.1.2). Consequently, the ULIRGs neutrino luminosity function ρν (Lν , z) is assumed to be fully described by the IR luminosity function
ρIR (LIR , z),
dn
dn
(z) ∝
(z).
(5.7)
d log Lν
d log LIR
3. The luminosity function of ULIRGs is characterized by one overall parameterization between14 12 ≤ log10 (LIR /L ) ≤ 13, as motivated by the observations
discussed in Section 2.1.3. These luminosities correspond with the luminosity
range of the objects in our search (Figure 2.12). The luminosity integral can
thus be simplified to
Z

log Lmax
log Lmin

dn
(z) d log Lν =
d log Lν

Z

13
12

≡ n(z),

dn
(z) d log10 (LIR /L )
d log10 (LIR /L )
(5.8)

where n(z) = n(0)H(z) is the total number density of ULIRGs, with a redshift
evolution parameterized by H(z). The quantity ν Qν (ν , z) = ν Lν (ν ) × n(z)
therefore represents the differential neutrino luminosity density, or differential neutrino energy generation rate, of ULIRGs at a redshift z (all-flavor).
The above assumptions imply that we can write ν Qν (ν , z) = ν Qν (ν , 0)H(z),
where H(z) is the parameterization of the IR luminosity density evolution of ULIRGs,
14 Since sources with higher luminosities—HyLIRGs and ELIRGs—are comparatively rare and dis-

tant (see the Introduction of Chapter 2), their contribution to the diffuse flux is in any case negligible
under the assumptions made here.
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QIR (z) = QIR (0)H(z), as described in Section 2.1.3. Thus, the spectrum of the observed diffuse ULIRG neutrino flux is completely described by the local ULIRG luminosity density, ν Qν (ν , 0) ≡ Eν QEν (Eν ). Moreover, as shown in [145], for unbroken power-law spectra, the redshift integral becomes independent of energy. The
solution of Equation (5.6) is therefore given by
z≤zmax
(Eν ) =
` +ν `

Eν2 Φν

1 c
ξ
E Q (E ),
3 4π H0 zmax ν Eν ν

(5.9)

where so-called redshift evolution parameter is defined according to the work of
[70],
Zz
H(z0 ) (1 + z0 )−γ
ξz (γ) =
dz0 .
(5.10)
p
0
3
Ωm (1 + z ) + ΩΛ
0
This parameter encompasses all information regarding the redshift evolution of the
sources, and essentially describes the cumulative contribution of the full source
population up to a redshift z to the diffuse flux. Figure 5.3 shows the redshift
evolution parameter as a function of redshift for the following parameterizations
H(z) ∝ (1 + z)m :
• ULIRG evolution, with m = 4 for z ≤ 1 and m = 0 for 1 < z ≤ 4; see Equation (2.3).
• Star-formation rate (SFR) evolution, with m = 3.4 for z ≤ 1, m = −0.3 for 1 < z ≤
4; see Equation (2.4).
• Flat evolution, with m = 0 for all z; for reference.
As expected, the contribution of sources at higher redshifts is more significant for
a population with an aggressive redshift evolution, such as ULIRGs, compared to
sources evolving more moderately. Furthermore, Figure 5.3 indicates that the
redshift-evolution parameter is significantly larger for γ = 2.0 compared to γ = 3.0.
This illustrates the fact that for a fixed normalization of the luminosity density
γ = 2.0
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Figure 5.3: Redshift evolution parameter ξz (γ) as a function of the redshift z, shown
for ULIRG, SFR, and flat source evolutions (blue full, dark-magenta dashed, and
light-magenta dash-dotted lines, respectively). Panels (a) and (b) show the redshift
evolution parameters for the spectral indices γ = 2.0 and γ = 3.0, respectively.
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Eν QEν , the contribution of high-redshift sources to the diffuse flux is more prominent for harder spectra compared to softer spectra.
Computing Diffuse Limits
Let us now translate our stacked-flux upper limits, corresponding with the cumulative flux of our representative ULIRG sample within z ≤ 0.13, to limits on the diffuse
muon-neutrino flux of the complete ULIRG population up to zmax = 0.13,
Φνz≤0.13
+ν =
µ

µ

c
Φ 90% .
4π sr νµ +ν µ

(5.11)

Here, the factor 4π sr stems from the fact that the distribution of ULIRGs on the
sky is isotropic (see e.g. Figure 2.16). The completeness-correction factor c is also
introduced, which takes into account that the representative selection of ULIRGs
is not complete. In Section 2.3.4, it was argued that this is a result of a limited
sky coverage of the catalogs used to perform the ULIRG selection. The effect of
this limited coverage was shown to be roughly 10%, such that the completenesscorrection factor is set to c = 1.1.
Finally, Equation (5.9) and its underlying assumptions can be used to obtain
upper limits on the diffuse muon-neutrino flux of the ULIRG source population up
to a certain maximum redshift zmax ,
z≤zmax
µ +ν µ

Φν

=

ξzmax (γ) z≤0.13
Φ
.
ξ0.13 (γ) νµ +ν µ

(5.12)

Thus, the upper limit on the diffuse ULIRG population is fully determined by the
redshift evolution parameter. More specifically, the ratio ξzmax /ξ0.13 is effectively a
scaling factor, which yields the relative contribution of all ULIRGs up to zmax compared to those used in the analysis (z ≤ 0.13). Panels (a) and (b) of Figure 5.4 show
zmax = 4.0
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Figure 5.4: Ratio of the redshift-evolution parameter integrated up to a maximum
redshift zmax , ξzmax , to the redshift-evolution parameter integrated up to the maximum redshift z = 0.13 used in the ULIRG stacking analysis, ξ0.13 . This ratio is shown
as a function of the spectral index γ for ULIRG, SFR, and flat source evolutions (blue
full, dark-magenta dashed, and light-magenta dash-dotted lines, respectively). Panels (a) and (b) show the ratio computed for zmax = 4.0 and zmax = 2.3, respectively.
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this ratio for zmax = 4.0 and zmax = 2.3, respectively, as a function of the spectral
index γ, for the ULIRG, SFR, and flat evolution schemes. The impact of the scaling
factor is more significant for more aggressive source evolutions and harder spectra,
which is consistent with our discussion of Figure 5.3.

5.2.2

Limits on Diffuse Neutrino Emission from ULIRGs

Using Equations (5.11) and (5.12), upper limits at 90% CL are obtained on the diffuse muon-neutrino flux from the full ULIRG source population. In what follows,
the ULIRG evolution scheme will be assumed as well as a maximum redshift15
zmax = 4.0, unless explicitly mentioned otherwise.
First, the integral stacked-flux upper limits of Table 5.1 are extrapolated to integral diffuse-flux upper limits. These results are shown in Figure 5.5 for unbroken
Eν−2.0 , Eν−2.5 , and Eν−3.0 power-law spectra, where they are compared to the diffuse
νµ + ν µ and per-flavor HESE measurements16 of IceCube. Each of these upper limits is plotted within its respective 90% central energy range, determined in Section 5.1.2. The limits under the Eν−2.0 and Eν−2.5 assumptions exclude ULIRGs as
the sole contributors to the diffuse neutrino observations up to energies of ∼3 PeV
and ∼600 TeV, respectively. More specifically, for an Eν−2.5 spectrum, ULIRGs cannot contribute more than ∼10% to the diffuse neutrino observations. The Eν−3.0 limit
mostly constrains the diffuse ULIRG flux at energies below the diffuse observations.
In addition, the differential stacked-flux limits of Table 5.3 are extrapolated
to diffuse limits on the neutrino flux from the ULIRG source population. Equation (5.12) is used for this extrapolation as well; a spectral-index value γ = 2.0 is assumed for the computation of the redshift evolution parameter ξz . In other words,
the true spectrum emitted by ULIRGs is assumed to be a power law with γ = 2.0
over cosmic history, which is a conservative choice (see Figure 5.4). These differential limits are shown in Figure 5.6, and should therefore be interpreted as limits
on the diffuse neutrino flux of the ULIRG population per energy decade, assuming
that this population emits neutrinos according to an Eν−2.0 spectrum over cosmic history. The differential limits exclude ULIRGs as the sole contributors to the diffuse
neutrino observations in the 10–100 TeV and 0.1–1 PeV bins, respectively.
The above results do not constrain the possible contribution of LIRGs (1011 L ≤
LIR < 1012 L ) to the diffuse neutrino flux. Within z < 1, the IR luminosity density of LIRGs evolves roughly the same with redshift as the IR luminosity density
of ULIRGs, although the former is ∼10–50 times larger (Section 2.1.3). Assuming
that the correlation between the total IR and neutrino luminosities holds down to
LIR ≥ 1011 L , the contribution of LIRGs to the neutrino flux is expected to dominate
with respect to ULIRGs by a factor ∼10–50. Under this assumption, the diffuse neutrino observations would likely provide more stringent constraints than the stacking
analysis. Nevertheless, note that the AGN contribution to the total IR luminosity
seems to be smaller for LIRGs than for ULIRGs [227]. This difference of the AGN
15 The choice of z
max = 4.0, although arbitrary, is inspired by the work of [149]. It can also be
motivated by the fact that the ULIRG redshift evolution of Equation (2.3) is only descriptive up to z ∼ 4.
For z > 4, a negative source evolution is expected for ULIRGs, as observed for the evolution of the SFR in
Equation (2.4). The contribution of sources with z > 4 is therefore expected to be quasi negligible. For
example, under the SFR evolution scheme given in Equation (2.4), a relative contribution ξ∞ /ξ4.0 =
1.02 is found for γ = 2.0.
16 Recall that HESE measures an all-flavor flux of neutrinos (Section 1.2.1). Since the observed
astrophysical flavor ratio is consistent with (νe : νµ : ντ ) = (1 : 1 : 1) (Section 1.2.2), the per-flavor HESE
flux is found by dividing the all-flavor measurement by 3.
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Figure 5.5: Integral limits at 90% confidence level on the contribution of the ULIRG
population up to a redshift zmax = 4.0 to the observed diffuse muon-neutrino flux.
These integral limits are shown for unbroken Eν−2.0 (dashed blue line), Eν−2.5 (dashdotted dark magenta line), and Eν−3.0 (dotted light magenta line) power-law spectra.
The integral limits are plotted within their respective 90% central energy ranges.
The diffuse neutrino observations are shown in terms of the 7.5-yr differential perflavor measurements using the high-energy starting event (HESE) sample (black data
points) [91]. They are also shown in terms of the 9.5-yr best-fit unbroken powerlaw spectrum of astrophysical muon neutrinos from the Northern hemisphere (dashdouble-dotted red line), where the ±68% confidence region is also indicated (red
band) [92].
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Figure 5.6: Differential limits at 90% confidence level (dashed blue line) on the contribution of the ULIRG population up to a redshift zmax = 4.0 to the observed diffuse
muon-neutrino flux. These differential limits are found by determining the limit for
an Eν−2.0 spectrum in each decade of energy. The diffuse neutrino observations are
described in Figure 5.5.
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contribution suggests that the hadronic acceleration properties of LIRGs may differ from those of ULIRGs. A dedicated study searching for high-energy neutrinos
from LIRGs would provide further insights on the possible acceleration mechanisms
within these objects.17

5.3

Comparison with Model Predictions

The diffuse-flux upper limits, determined according to the method of Section 5.2.1,
can be compared to model predictions of the diffuse neutrino flux originating from
the ULIRG source population (Section 2.2). It should be remarked that in each of
the model comparisons, all ULIRGs are assumed to have the physical properties
described by the model in question. Consequently, neutrino production in ULIRGs
is implicitly assumed to occur either via a starburst reservoir or an AGN beam dump
throughout cosmic history, without considering a combination of both scenarios.

5.3.1

Constraints on Starburst Reservoir Models

To start, the ULIRG analysis results are compared to the cosmic-ray reservoir models discussed in Section 2.2.1. The first reservoir model, by He et al. [272], proposes
that the enhanced hypernova rate in ULIRGs accelerates cosmic rays up to ∼100
PeV. They predict a diffuse neutrino flux from ULIRGs up to a redshift zmax = 2.3
consistent with an Eν−2.0 power-law spectrum, with a cutoff at ∼2 PeV. Hence, their
prediction is compared to the integral Eν−2.0 upper limit on the diffuse ULIRG neutrino flux up to a redshift zmax = 2.3. This comparison is shown in Figure 5.7. The
upper limit at 90% CL using 7.2 years of IceCube data is roughly at the level of
the predicted flux of He et al. A follow-up study using additional years of data is
required to further investigate the validity of this model.
The analysis results are also compared to the work of Palladino et al. [149], who
construct a generic model of neutrino emission from a population of hadronically
powered gamma-ray galaxies (HAGS), such as ULIRGs. They find that power laws
with spectral indices γ ≤ 2.12 and a variable cutoff at several PeV are able to explain
a significant fraction of the diffuse neutrino observations without violating the nonblazar EGB bound above 50 GeV (Section 1.3.4). For their prediction, Palladino et
al. assume that HAGS evolve according to the SFR over cosmic history up to zmax =
4.0. Thus, their most optimistic prediction, i.e. for γ = 2.12, is compared to the
integral Eν−2.12 upper limit on the diffuse ULIRG neutrino flux up to a redshift zmax =
4.0. The limits exclude ULIRGs at 90% CL as the sole population of HAGS that can
be responsible for the diffuse neutrino observations. However, it should be noted
that this result does not have any implications for other candidate HAGS, such as
starburst galaxies with LIR < 1012 L .

5.3.2

Constraints on AGN Beam-Dump Model

The results of the ULIRG analysis can also be used to constrain the Compton-thick
AGN beam-dump model of Vereecken & de Vries [145, 146], which was discussed
in Section 2.2.2. In this model, the authors applied two methods to normalize the
17 A data-driven model [263] of neutrino emission from LIRGs is currently being developed in col-

laboration with the Great Observatories All-sky LIRG Survey (GOALS) [133]. The eventual goal—pun
intended—is to test this model in a dedicated IceCube analysis, and as such expand the GOALS survey
to become the first multimessenger catalog of LIRGs [395].
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Figure 5.7: Comparison of the prediction by [272] of a diffuse muon-neutrino flux
from hypernovae in ULIRGs (full magenta line; see Figure 2.8) with the integral Eν−2.0
upper limit at 90% confidence level of the ULIRG stacking search (dashed blue line).
The limit is plotted within its 90% central energy range. For this comparison, an
ULIRG source evolution is assumed and integrated up to a redshift zmax = 2.3. The
diffuse neutrino observations are described in Figure 5.5.
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Figure 5.8: Comparison of the prediction by [149] of a diffuse muon-neutrino flux,
normalized to the IceCube observations, from HAGS (full magenta line; see Figure 2.9) and the integral Eν−2.12 upper limit at 90% confidence level of the ULIRG
stacking search (dashed blue line). The limit is plotted within its 90% central energy
range. For this comparison, a source evolution according to the star-formation rate
(SFR) is assumed and integrated up to a redshift zmax = 4.0. The diffuse neutrino
observations are described in Figure 5.5.
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proton luminosity of Compton-thick AGN in ULIRGs. On the one hand, they fitted the proton luminosity to the diffuse IceCube observations, where it was found
that for column densities NH & 5 × 1025 cm−2 , ULIRGs can fit the diffuse IceCube
without violating the non-blazar EGB bound above 50 GeV (Section 1.3.4). On the
other hand, by normalizing the proton luminosity to the radio luminosity via Equation (2.5), it was found that ULIRGs are unlikely to be responsible for the bulk of the
diffuse neutrino observations. However, the latter method required an estimate for
the electron-to-proton luminosity ratio, fe , which is the most uncertain parameter
in the model.
Using Equation (2.5), a lower limit on fe is set by fixing all other parameters in
the model. This estimation is achieved by performing the following steps:
• Fix the electron-to-radio luminosity ratio to χ = 100, according to Vereecken
& de Vries.
• Set an upper limit on the local proton energy generation rate of ULIRGs, Qp .
The beam-dump model is fit to the integral Eν−2.0 diffuse-flux upper limit for
the ULIRG source evolution up to zmax = 4.0. Using Equation (5.9), this is
converted to an upper limit on the total neutrino energy generation rate, Qν ,
and subsequently to an upper limit on Qp .
• Estimate the radio luminosity density of ULIRGs, QR . The typical radio luminosity of ULIRGs, LR , is determined using Equation (2.2). For this, the
method of Vereecken & de Vries is followed by fixing the IR luminosity as
well as the IR-to-radio luminosity ratio to LIR = 1012 L and qIR = 2.6, respectively. It is also assumed that all ULIRGs host a Compton-thick AGN
with NH & 5 × 1025 cm−2 and that their contribution to the total IR luminosity is 10%, as motivated by Figure 2.5. This estimate is then converted
to the local radio luminosity density as QR = n0 LR , with n0 the local ULIRG
source number density. The value used by Vereecken & de Vries is adopted,
n0 = 5 × 10−7 Mpc−3 , which is also compatible with Figure 2.7.
More details regarding these computations can be found in Appendix E.
The resulting lower limit on the electron-to-proton luminosity ratio of the ULIRG
source population is
fe & 10−3 .
(5.13)
Note that this lower limit was determined under various assumptions, as described
in the steps above and in Section 5.2.1. Furthermore, among the model parameters
that were kept fixed, some have significant uncertainties, such as the electron-toradio luminosity ratio, χ, and the local ULIRG source density, n0 . Hence, the lower
limit on fe should be regarded as an order-of-magnitude estimation. Nevertheless,
this estimated lower limit can be compared to previous results. Vereecken & de Vries
performed a similar lower-limit estimation for 14 individual obscured flat-spectrum
radio AGN that were also studied with IceCube [281, 282]. Their lower limits on the
electron-to-proton luminosity ratio range between fe & 10−4 and fe & 10−2 , which
are consistent18 with the lower limit that was determined for the ULIRG source
18 This result can also be seen as a sanity check of the model developed by Vereecken & de Vries.
This model can namely applied to obtain predictions of individual sources (e.g. obscured flat-spectrum
radio AGN) and to obtain predictions of a generic source population (e.g. ULIRGs). The ULIRG stacking analysis yields the first ever constraint on fe for the case of a source population, which falls in the
same ballpark as previous constraints on fe for individual objects of another source class.
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class. However, a more dedicated IceCube analysis on Compton-thick AGN, which
is currently being developed [396], could provide more stringent constraints on the
fe parameter.
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Conclusions and
Outlook
This thesis presented the first dedicated search for high-energy (TeV–PeV) neutrinos from ultra-luminous infrared galaxies (ULIRGs; LIR ≥ 1012 L ), which has led
to the publication of a peer-reviewed article [1] and several conference proceedings
[2–5]. The motivation behind this study was the yet unknown origin of the diffuse
high-energy neutrino flux measured by the IceCube Neutrino Observatory at the
South Pole. ULIRGs are powered by strong starburst nuclei (& 100 M yr−1 ) with
secondary contributions from (obscured) active galactic nuclei (AGN) [183], both
of which are plausible hadronic accelerators where high-energy neutrinos could be
produced [146, 149, 272]. Moreover, the ULIRG source population—which is relatively numerous and expected to be relatively dim in terms of neutrino emission—
is unconstrained by limits set in previous IceCube point-source studies. In fact,
ULIRGs could supply a large fraction of the diffuse IceCube observations without
violating the non-blazar extragalactic gamma-ray background (EGB) measured by
Fermi-LAT above 50 GeV [83].
First, a selection of ULIRGs was performed using three catalogs that are primarily based on data of the Infrared Astronomical Satellite (IRAS) [215, 227, 246]. An
initial sample of 189 ULIRGs was obtained, after correcting for the overlap between
the three catalogs. The selection biases of these catalogs were also investigated, and
found to be consistent with a lack of sky coverage. Furthermore, a redshift cut was
applied at z = 0.13, up to which the initial ULIRG selection was estimated to be
complete. The resulting final sample of 75 ULIRGs is distributed over the whole sky
and indeed found to be representative for the local ULIRG source population within
z ≤ 0.13, after correcting for the selection biases.
Subsequently, a dedicated IceCube point-source analysis was developed using
the gamma-ray follow-up (GFU) event selection, which consists of high-quality track
data recorded between 2011–2018 [132, 340]. A short comparative study was presented between the GFU sample and another dataset widely used in point-source
searches, in terms of their effective area and the median resolution. For the analysis itself, which was performed within the SkyLab software framework, a stacking
technique was applied to target the cumulative neutrino emission of the selected
ULIRGs. Here, the candidate sources were weighted according to their total infrared flux, which was found to be a reasonable proxy for their neutrino flux. By
blinding the data, the analysis performance in the recovery of a simulated astrophys−γ
ical signal from ULIRGs was tested for various unbroken Eν power-law spectra.
The corresponding sensitivities and discovery potentials were crosschecked with
the Csky software framework, which were found to be compatible with the SkyLab results. Additionally, it was tested whether stacking 189 instead of 75 ULIRGs
would yield significant improvements to these quantities, but such improvements
were determined to be marginal.
The stacking analysis yielded a p-value p = 1.0, such that the IceCube data was
137

138

Conclusions and Outlook

found to be consistent with atmospheric-background expectations. In other words,
no high-energy astrophysical muon neutrinos were identified from the representative sample of 75 ULIRGs within z ≤ 0.13 using 7.2 years of GFU data. Both integral and differential upper limits at 90% confidence level (CL) were therefore computed on the muon-neutrino flux of this ULIRG selection. The integral limits were
−γ
obtained for unbroken Eν power-law spectra, and the central 90% energy ranges
contributing to these limits were also determined. In addition, the relative effect
of systematic uncertainties on all upper limits was studied qualitatively, and found
to be .15%. Overall, these upper limits constitute the first ever constraints on the
neutrino emission from ULIRGs.
Finally, for the purposes of interpretation, the above results were extrapolated to
upper limits on the diffuse high-energy neutrino flux expected from the full ULIRG
source population. As such, ULIRGs were excluded at 90% CL as the sole population of sources that could be responsible for the diffuse IceCube observations.
In particular, the integral upper limits for an Eν−2.5 spectrum constrain the contribution of ULIRGs to the diffuse muon-neutrino measurements of [92] to .10%.
Furthermore, these results were compared to model predictions of diffuse neutrino
emission from ULIRGs. He et al. [272] predict a neutrino flux from ULIRGs that
is at the level of the Eν−2.0 upper limit, and a follow-up study with additional years
of IceCube data is required to validate or exclude this starburst-reservoir model.
Nevertheless, ULIRGs were excluded as the sole hadronically-powered gamma-ray
galaxies (HAGS) responsible for the diffuse observations in the starburst-reservoir
model by Palladino et al. [149]. Lastly, the results of this search were compared to
the obscured-AGN beam-dump model by Vereecken & de Vries [145,146], where the
electron-to-proton luminosity ratio—a measure for the cosmic-ray content of these
sources—was roughly restricted to fe & 10−3 . This beam-dump model could further
be tested in an upcoming IceCube study targeting hard X-ray AGN, which can show
typical signs of AGN obscuration [396].
It should be remarked that the above results do not constrain the possible contribution of luminous infrared galaxies (LIRGs; LIR ≥ 1011 L ) to the diffuse observations. They are less luminous but much more numerous compared to ULIRGs, and
their contribution to the total infrared luminosity density in the Universe is roughly
a factor 10–50 larger [258]. Since the mechanisms powering LIRGs and ULIRGs
are similar [183], LIRGs could be significant contributors to the diffuse neutrino
measurements. In fact, a model of neutrino production in LIRGs, driven by data
of the Great Observatories All-Sky LIRG Survey (GOALS) [133], is currently under
development [263]. This model, as well as the contribution of LIRGs to the diffuse
neutrino flux, is planned to be tested in a dedicated IceCube search [395].
In a broader context, the future of the field of neutrino astronomy looks promising [151]. Currently, km3 counterparts of IceCube are being instrumented in the
Mediterranean Sea (KM3NeT) and Lake Baikal (Baikal-GVD), and P-ONE has been
proposed to be built near the West Coast of Canada. These experiments will complement IceCube observations, particularly in the Southern Sky. Moreover, IceCubeGen2 is planned to take form in the coming decades [141]. This 8-km3 array is
designed to identify the yet unknown sources of TeV–PeV astrophysical neutrinos.
Lastly, apart from these optical Cherenkov telescopes, various projects are being
developed that target ultra-high-energy (UHE; ≥ 100 PeV) neutrinos [151]. The discovery of UHE neutrinos would not only allow to directly probe the sources of cosmic rays at the highest energies, but it could also reveal the existence of cosmogenic
neutrinos produced via the GZK effect.

Contributions
during the PhD
Research
The main research outlined in this thesis, which was conducted under a PhD Fellowship awarded by the Flemish Research Foundation (FWO), resulted in a peerreviewed publication [1] and a number of conference proceedings [2–5]. Complementary to this work, I was also actively involved in a phenomenological study regarding the construction of a data-driven starburst model in LIRGs [263]. A publication of these efforts is foreseen in the near future. Furthermore, I performed several
internal contributions as a member of the IceCube collaboration. These included detector monitoring, some minor improvements to the SkyLab code, as well as the first
comparison of SkyLab and Csky in the context of a stacking analysis. Apart from
that, I was also an internal IceCube reviewer of two neutrino-source analyses, two
conference proceedings [396, 397], and one article which was recently submitted for
publication [142].

Teaching
During my PhD, I was the teaching assistant for the courses Subatomic Physics I
(BA3; 2017–2018) and Experimental Physics (BA1; 2018–2021). In addition, I supervised the BSc theses of Yarno Merckx [398] and Tanguy Aerts [399], as well as
the MSc thesis of Yarno Merckx [263]. The research of the latter is currently being
continued, as Yarno Merckx was awarded a PhD Fellowship by the FWO.

Outreach
I was actively involved in a variety of outreach activities, mostly targeting children
and adolescents. I was the main organizer of the annual IceCube Masterclass1 and
South Pole Experiment contest2 between 2019–2021, and I also contributed to the
organization of the 2018 and 2022 editions of these events. Furthermore, I organized
a variety of workshops, ranging from summer-camp events to expositions about the
local research activities, generally for interested students. In addition, I was one of
the main Dutch translators of the Rosie & Gibbs comics3 created by members of the
IceCube collaboration.

1 See https://iihe.ac.be/masterclass and https://masterclass.icecube.wisc.edu.

2 See https://iihe.ac.be/polar-science-challenge and https://spexperiment.icecube.

wisc.edu/.
3 Available at https://icecube.wisc.edu/outreach/activities/rosie-gibbs/.

139

140

Contributions during the PhD

Academic Representation
I participated in a number of academic councils and organizations during the course
of my PhD. I was a PhD representative in the council (2019–2021) and board (2017–
2021) of the Faculty of Sciences & Bio-Engineering Sciences, as well as in the managing and education councils of the Department of Physics (2017–2022). Apart from
that, between 2019–2021, I was also a co-organizer of colloquia promoted by the
International Solvay Institutes.4

4 See http://www.solvayinstitutes.be/html/colloquia.html.

Appendix A
Conventions for Flux and Luminosity
It is worth devoting some words on the conventions for flux and luminosity that
are used throughout this work. Let us first consider an astrophysical source of electromagnetic radiation. When observing this source, we usually measure the energy
flux of this source that reaches Earth at a certain frequency. Such a differential energy flux, or flux density, is the amount of energy per unit time, dE/dt, that passes
through a surface area dA at Earth,1 per unit of frequency2 dν,
fν ≡

dE
.
dA dt dν

(A.1)

Typical units are 1 Jy = 10−26 W m−2 Hz−1 . The total energy flux observed by the
source is then found by integrating over the frequency spectrum,
Z ν2
dE
=
fν dν,
(A.2)
F≡
dA dt
ν1
typically given in units of W m−2 . The total energy flux is usually determined over
a specific band in frequency, [ν1 , ν2 ]. Note that historically, some parts of the electromagnetic spectrum are characterized by their wavelength λ = c/ν instead of their
frequency. For example, the infrared band is usually defined as [λ2 = 8 µm, λ1 =
1000 µm], which corresponds to [ν1 = 3.0 × 102 GHz, ν2 = 3.7 × 104 GHz].
If we assume that the source is spherical and its energy output is isotropic, such
as e.g. a star, we can determine the differential intrinsic luminosity and total intrinsic luminosity—integrated over a given waveband—of the source via the wellknown relations
Lνs
L
fν =
, F=
,
(A.3)
2
4πdL
4πdL2
where dL is the luminosity distance to the source, and where
Z
L=

(1+z)ν2
(1+z)ν1

Lν dν.

(A.4)

Here we take into account that due to the expansion of the Universe, radiation emitted at a frequency νs in the rest frame of the source will be observed at the redshifted
frequency ν = νs /(1 + z). Typically, Lν is given in units of W Hz−1 , while L is usually
given in terms of the bolometric solar luminosity L = 3.828×1026 W. Equation (A.3)
1 It is important to notice that “flux” is generally used to describe the energy output of the source

that reaches Earth. It is typically not meant to describe the detection rate of a certain experiment.
To convert the actual detection rate to the flux that reaches Earth requires a detailed understanding
of the detector. For IceCube, this information is incorporated into the effective area, as discussed in
Section 3.3.2.
2 Recall that frequency, wavelength, and energy are related to each other as E = hν = hc/λ. Hence,
a differential flux can always be converted into a flux per unit of wavelength, dλ, or a flux per unit of
energy, dE.
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is generally also used to estimate the luminosity of sources that are not spherical
(e.g. a spiral galaxy) or do not emit their radiation isotropically (e.g. an active galactic nucleus). In this case, we in fact determine the apparent isotropic luminosity of
the source. However, we typically just refer to it as the source luminosity, as done
in this work. Note that Equation (A.3) does not take into account any absorption
effects that might occur between the source and the observer.
Note that the luminosity distance dL is defined such that Equation (A.3) holds
over cosmological distances. As mentioned above, a consequence of the expansion of
the Universe is that the emitted energy (or frequency) at the source, d, is redshifted
when observed at Earth, dE = d/(1 + z). Moreover, the time interval over which
radiation or particles are observed, dt = (1 + z) dτ, is stretched w.r.t. the time interval
over which they were emitted, dτ. In other words, dE/dt = (1 + z)−2 d/dτ. This
redshift factor is essentially absorbed
in the luminosity distance, which is related
Rz
to the comoving distance dC = c 0 dz0 /H(z0 ), where H(z) is the redshift-dependent
Hubble parameter, as dL = (1 + z) dC .
In astroparticle physics, we tend to use different notations for flux and luminosity. Since we are now explicitly focused on measuring particles, we define a differential particle flux of an astrophysical source as the particle rate dN /dt that passes
through a surface area dA at Earth, per unit of particle energy dE,
Φ(E) ≡

dN
.
dE dA dt

(A.5)

This quantity has typical units of GeV−1 cm−2 s−1 and is also commonly denoted as
dN /dE. The corresponding differential energy flux3 is then given by
E Φ(E) = E

dN
,
dE dA dt

(A.6)

which is equivalent to fν in our previous notation. The total energy flux over a
certain energy range [E1 , E2 ] is then given by4
Z
F=

E2

E Φ(E) dE.

(A.7)

E1

The differential energy flux is related to the (apparent isotropic) differential restframe luminosity of the source as
E Φ(E) =

L
,
4πdL2

with  = (1 + z)E, and where the total luminosity is given by
Z 2
L=
LE dE.

(A.8)

(A.9)

1

Note that it is common to define the differential luminosity as ELE , such that it has
the same units, typically erg s−1 , as the total luminosity L.
3 Note that in this work both particle and energy fluxes are generally referred to as “flux.” The

adjectives “differential” and “total” are also typically omitted when describing a flux or luminosity,
unless required for clarity.
4 For transient sources, it is common to consider the differential fluence of the source,
R
R
SE ≡ dN /dA dE = Φ(E) dt, with the total fluence given by S = SE dE.
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We can also define the differential energy flux per logarithmic energy interval
d log E = dE/E as
dN
E 2 Φ(E) = E
,
(A.10)
d log E dA dt
which has typical units of GeV cm−2 s−1 . In our previous notation, this quantity
is usually denoted as νfν , and given in units of Jy Hz. As we will discuss below,
E 2 Φ is closely related to a differential luminosity density, which is defined as the
differential luminosity per unit of volume dV ,
EQE (E) ≡ E

dLE
.
dV

(A.11)

This quantity is also referred to as the differential energy generation rate.5 As
usual, we define the total luminosity density, or total energy generation rate, as
Z 2
dL
Q≡
=
QE dE.
(A.12)
dV
1
Both EQE and Q have typical units of erg Mpc−3 yr−1 .
High-energy astrophysical phenomena are typically characterized by power-law
fluxes of the form
Φ(E) ∝ E −γ ,
(A.13)

where γ is called the spectral index. An elegant property of power laws is that
they are directly associated with scale-free systems, since a power law is the only
distribution whose shape remains unchanged under a scale transformation6 [61].
One particularly important value of the spectral index is γ = 2, which is predicted
by the first-order Fermi acceleration mechanism (Section 1.1.1), and for which E 2 Φ
is constant. Thus, for a source emitting particles according to an E −2 spectrum, the
total energy budget is distributed equally per energy decade. For non-E −2 powerlaw spectra and broken power-law spectra (i.e. spectra characterized by multiple
spectral indices), it is also common to consider E α Φ(E), where the value of α is
chosen such that it highlights the spectral features of the flux.
Lastly, we point out the distinction between the following three types of fluxes:
• Individual-source flux. This is the flux originating from one specific astrophysical source, which can either be a point source or an extended source on
the sky.
• Stacked flux. When considering multiple astrophysical sources, one can stack
their individual fluxes Φk as
X
Φstack (E) =
Φk (E).
(A.14)
k

5 This term is typically used to describe the energy that goes into the production of particles that
do not fully escape their source environment. For example, only a fraction of the cosmic rays produced
in a source will escape and contribute to the cosmic-ray luminosity output of that source. In contrast,
a neutrino energy generation rate can also be seen as the energy output in neutrinos of that source.
6 More precisely, a power law p(x) is the only distribution for which p(bx) = g(b)p(x), where g(b) is
a constant in x [61].
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A stacked flux is typically used to describe the cumulative flux of a welldefined set of sources that are too faint to be observed individually. However, in this sense, stacking the contribution of different sources relies on some
physical assumption of the sources and their relative contribution to the total
stacked flux. The reader is referred to Chapter 4 for a detailed example of a
stacked-flux interpretation.

• Diffuse flux. When observing a patch of solid angle on the sky, dΩ, it is possible to observe a flux without being able to associate it to any astrophysical
sources in that patch. A diffuse flux is therefore defined as
Φdiffuse (E) ≡

dN
,
dE dA dt dΩ

(A.15)

with typical units7 GeV−1 cm−2 s−1 sr−1 . On the one hand, such a diffuse flux
consists of the cumulative contribution of unresolved sources in that patch of
the sky. On the other hand, it can contain a contribution of secondary particles that are produced in interactions of the primary source particles on their
trajectory to Earth.8 Typically, a diffuse flux is measured isotropically over a
fraction of the full sky, ∆Ω, such that it can be related to our usual notation of
a particle flux as
Z
Φ(E) = Φdiffuse (E) dΩ = Φdiffuse (E) ∆Ω.
(A.16)
Although by definition, a diffuse flux cannot be associated to any sources directly, we can still infer the overall energy budget required to produce this
diffuse flux. Assume that our diffuse flux of particles moving at a velocity c
is isotropic over the full sky. The energy flux per logarithmic energy interval,
E 2 Φdiffuse , can be converted to an overall energy density by multiplying it with
(4π sr)/c. By dividing this energy density with a characteristic timescale τ over
which the particles are produced—typically set to the Hubble time tH ≡ H0−1
for extragalactic sources [145]—we find
EQE =

4π sr 2
E Φdiffuse .
cτ

(A.17)

This quantity can be regarded as the differential luminosity density required
to produced the observed diffuse flux.

7 Note that a diffuse flux has the dimensions of an intensity. This quantity remains constant as a
function of the distance dL , since the solid angle scales with dL2 .
8 For example, primary gamma rays can interact with the extragalactic background light (EBL),

where they cascade into secondary gamma rays with lower energy.

Appendix B
Elementary Particles, Decay Rates,
and Cross Sections
The Standard Model is a theory that describes elementary particles and their interplay with three of the four fundamental interactions of nature, namely the electromagnetic force as well as the weak and strong nuclear forces. Although many of its
predictions have been verified experimentally (up to great precision), the Standard
Model does not provide a complete picture of particle physics. For example, it cannot explain why neutrinos have a non-zero mass, and it does not describe gravity, the
fourth fundamental force of nature. A review of the Standard Model and its limitations falls beyond the scope of this work but can be found in e.g. [14, 321, 400–402].
Instead, based on these references, a short description is given of some of the particles relevant to this thesis. The concepts of particle lifetimes and cross sections are
also briefly introduced.

Particles of the Standard Model
Figure B.1 shows a summary of the elementary particles that constitute the Standard
Model. These particles are classified into various categories, as outlined below.

Gauge and Scalar Bosons
When two particles interact, they do so via the exchange of a gauge boson, which has
a spin1 of 1. Gluons g and photons γ are the massless and chargeless mediators of
the strong and electromagnetic forces, respectively, while the weak force is mediated
by the massive W ± (charged current) and Z 0 bosons (neutral current). The BroutEnglert-Higgs boson H is the scalar boson (spin 0) responsible for particles having
mass.

Matter and Antimatter
Most elementary particles are fermions, which are characterized by a spin of 1/2.
Each of these fermions has an antiparticle counterpart with the same mass and spin
but with otherwise opposite physical properties, such as the electric charge. They
are classified into (anti)quarks and (anti)leptons, where the former correspond to
matter capable of interacting via the strong force. Each of these classes is categorized
into three generations of (anti)matter. Note that all (anti)quarks and (anti)leptons
can interact weakly, and those with a non-zero electric charge can also interact electromagnetically.

1 Particles with non-zero half-integer spins are called fermions, and particles with integer spins are

called bosons. In particular, scalar bosons have spin 0, while vector bosons have spin 1.
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Figure B.1: The Standard Model of particle physics, based on data from [14], showing
both particles and antiparticles, as well as their mass, electric charge (in units of the
elementary charge e = 1.602 × 10−19 C), and spin. Image taken from [403].

Hadrons
Due to the nature of the strong force, quarks q and antiquarks q typically exist in
composite states, called hadrons.2 The most common hadronic states are:
• Baryons (q q q) and antibaryons (q q q). Examples are (anti)protons (p = u u d
and p = u u d) and (anti)neutrons (n = u d d and n = u u d). Note that baryons
are fermions.
• Mesons (q q). Examples are charged pions (π+ = u d and π− = d u) and neutral
pions (π0 = u u or d d). Note that mesons are bosons.
Leptons
Leptons and antileptons do not interact via the strong force. While charged (anti)leptons can also interact electromagnetically, neutral (anti)leptons, i.e. (anti)neutrinos, can only interact via the weak force. Note that (anti)neutrinos can oscillate
between their respective generations—also known as neutrino flavors—which cannot be explained by the Standard Model (see also Section 1.2.2).

Particle Decays and Interactions
Apart from (anti)electrons, (anti)neutrinos, and photons, all particles in the Standard Model are unstable.3 The probability for a particle to decay after some time t
2 Note that the electric charges add up in these composite-quark states. For example, a proton has

an electric charge of +1e, whereas a neutron is electrically neutral.
3 Protons are also stable, although neutrons are unstable. However, the strong force ensures that
neutrons do not decay when they form part of an atomic nucleus.
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in the particle’s rest frame is given by
P (t) = 1 − e−t/τ ,

(B.1)

where τ is defined as the mean particle lifetime, and 1/τ is therefore the mean decay
rate of the particle, which can be measured in experiments. Table B.1 presents values
of particle lifetimes relevant to this work (see Section 1.1.2 and Section 3.1.4), as well
as their most common decay modes.
The probability that a certain particle interaction occurs is proportional the cross
section, σ , which is a measurable quantity. With units of area, the cross section can
be interpreted as the effective surface area encountered by a particle undergoing
the interaction.4 In particular, if one considers a beam of particles with an initial
intensity I0 that is shot into a medium with density n, the beam intensity at some
distance x into the medium is given by
I(x) = I0 e−x/λ .

(B.2)

Here, λ = (nσ )−1 is the mean free path of the particles passing through that particular medium, and 1/λ is also called the absorptivity or scattering coefficient, depending on the type of interaction. Examples of cross sections relevant to this work are
shown in Section 1.1.2 (pp and pγ-interactions) and Section 3.1.1 (neutrino-ice and
photon-ice interactions).

Particle

Lifetime [s]

Main Decay Modes

n

8.8 × 10+2

p e− ν e

π−
π+
π0
µ−
µ+

2.6 × 10−8

µ− ν µ
µ+ νµ

8.5 × 10−17

γγ

2.2 × 10−6

e − ν e νµ
e+ νe ν µ

2.9 × 10−13

ντ + hadrons [64.8%]
ντ e− ν e [17.8%]
ντ µ− ν µ [17.4%]
ν τ + hadrons [64.8%]
ν τ e+ νe [17.8%]
ν τ µ+ νµ [17.4%]

τ−
τ+

Table B.1: Lifetimes and main decay modes of some particles relevant to this work.
Data taken from [14].

4 Imagine a game of throwing darts—it is quite easy to hit the overall target, which has a relatively

large cross section, but it is much more difficult to hit the bullseye due to its smaller area.
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Appendix C
List of Selected ULIRGs
Table C.1 contains a list of all the 189 ULIRGs used in this work. The table contains
the following columns, ordered from left to right:
• NED identification of the ULIRG [193]. Objects denoted in bold have a redshift z ≤ 0.13 and thus form part of the representative ULIRG sample used for
the IceCube stacking analysis.
• Right ascension α and declination δ (in J2000 coordinates). Taken from NED.
• Redshift z. Taken from NED.
• Luminosity distance dL . Computed from the redshift using the cosmological
parameters in [6].
• IR flux density at 60 µm f60 . Taken from the IRAS RBGS [215] if available;
taken from the IRAS FSC [286] if not available in the RBGS; taken from the
IRAS PSC [288] if not available in the RBGS or FSC. Data from the FSC and
PSC is obtained from NED.
• Total IR luminosity LIR (8–1000 µm).
• Reference of the ULIRG catalog from which the object and its value of the
total IR luminosity are selected.
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δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

2MASX J00002427-5250313
2MASX J00114330-0722073
2MASS J00203472-7055262
2MASX J00212652-0839261
2MASX J00220698-7409418
[HB89] 0027-289 NED02
2MASX J00300908-0027441
GALEXASC J004215.50-125603.2
GALEXASC J004303.20-311050.3
2MASX J00480675-2848187
GALEXASC J005040.35-270440.6
GALEXASC J010250.01-222157.4
2MASX J01190760-0829095
IRAS 01199-2307
GALEXASC J013221.29-072909.5
GALEXASC J013757.48-175920.6
2MASX J01405591-4602533
2MASX J01515140-1830464
2MASX J01590262+2542367
2MASX J01591372-2924356
MRK 1014
2MASX J02042730-2049413
GALEXASC J021332.93-292337.3

0.10
2.93
5.14
5.36
5.53
7.52
7.54
10.56
10.76
12.03
12.67
15.71
19.78
20.59
23.09
24.49
25.23
27.96
29.76
29.81
29.96
31.11
33.39

−52.84
−7.37
−70.92
−8.66
−74.16
−28.71
−0.46
−12.93
−31.18
−28.81
−27.08
−22.37
−8.49
−22.87
−7.49
−17.99
−46.05
−18.51
+25.71
−29.41
+0.39
−20.83
−29.39

0.125
0.118
0.327
0.128
0.096
0.278
0.242
0.262
0.342
0.110
0.129
0.118
0.118
0.156
0.136
0.192
0.090
0.158
0.166
0.140
0.163
0.116
0.192

604
570
1769
622
457
1468
1253
1370
1866
526
626
567
569
770
663
966
426
779
821
683
807
557
968

1.89 ± 0.13
2.63 ± 0.18
1.20 ± 0.08
2.59 ± 0.23
4.16 ± 0.21
0.69 ± 0.06
0.62 ± 0.08
1.83 ± 0.13
0.72 ± 0.06
2.60 ± 0.18
1.13 ± 0.14
2.29 ± 0.16
1.74 ± 0.10
1.61 ± 0.10
2.47 ± 0.15
1.40 ± 0.08
2.91 ± 0.20
1.29 ± 0.09
0.81 ± 0.06
1.73 ± 0.14
2.22 ± 0.18
1.45 ± 0.12
0.94 ± 0.08

12.20
12.19
12.95
12.33
12.33
12.65
12.53
12.90
12.81
12.12
12.00
12.24
12.03
12.26
12.27
12.39
12.12
12.23
12.24
12.15
12.53
12.01
12.41

[227]
[246]
[227]
[246]
[227]
[227]
[227]
[246]
[227]
[246]
[246]
[246]
[246]
[246]
[246]
[246]
[227]
[246]
[227]
[246]
[246]
[246]
[227]

Table C.1: List of ULIRGs used in this work. See text in Appendix C for a detailed description of this table.
(Continued on next page)
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α
[°]
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NED identification

α
[°]

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

2MASX J02434617+0406377
IRAS 02456-2220
2MASS J02500170-3732441
2MASX J03021145-2707263
IRAS 03158+4227
SDSS J032322.86-075615.2
2MASX J03274981+1616594
2MASS J03542522-6423445
2MASX J03544214+0037033
GALEXASC J040930.40-275343.0
2MASX J04121945-2830252
2MASX J04124420-5109402
IRAS 04313-1649
2MASS J04395082-4843165
2MASS J04411405-3734369
GALEXASC J050400.67-293654.5
2MASX J05043657-1937028
2MASX J05173257-3021126
2MASX J05210136-2521450
2MASX J05583717-7716393
2MASX J06025406-7103104
2MASX J06210118-6317238
2MASS J06264206-7936302

40.94
41.96
42.51
45.55
49.80
50.85
51.96
58.61
58.68
62.38
63.08
63.18
68.40
69.96
70.31
76.00
76.15
79.39
80.26
89.65
90.73
95.26
96.68

+4.11
−22.13
−37.55
−27.12
+42.64
−7.94
+16.28
−64.40
+0.62
−27.90
−28.51
−51.16
−16.73
−48.72
−37.58
−29.62
−19.62
−30.35
−25.36
−77.28
−71.05
−63.29
−79.61

0.144
0.296
0.165
0.221
0.134
0.166
0.129
0.301
0.152
0.154
0.117
0.125
0.268
0.203
0.236
0.154
0.192
0.172
0.043
0.117
0.079
0.092
0.156

702
1577
817
1133
653
825
625
1606
746
756
565
602
1407
1031
1221
760
966
855
194
562
373
437
771

1.37 ± 0.08
0.82 ± 0.05
1.25 ± 0.06
0.92 ± 0.08
4.26 ± 0.51
1.00 ± 0.08
1.38 ± 0.08
0.99 ± 0.05
2.64 ± 0.24
1.33 ± 0.11
1.82 ± 0.09
2.09 ± 0.10
1.01 ± 0.05
0.99 ± 0.05
0.82 ± 0.07
1.93 ± 0.08
1.06 ± 0.06
1.16 ± 0.07
13.25 ± 0.03
1.42 ± 0.06
5.13 ± 0.15
3.96 ± 0.12
1.92 ± 0.06

12.19
12.72
12.23
12.55
12.61
12.19
12.06
12.79
12.45
12.14
12.15
12.26
12.55
12.41
12.56
12.28
12.43
12.20
12.11
12.05
12.23
12.22
12.39

[246]
[227]
[246]
[227]
[227]
[246]
[246]
[227]
[246]
[246]
[246]
[227]
[246]
[227]
[227]
[246]
[246]
[246]
[215]
[227]
[227]
[227]
[227]
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NED identification

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

2MASX J06301333+3507498
2MASS J06363586-6220335
IRAS 06487+2208
2MASX J07273754-0254540
IRAS 07246+6125
2MASX J07595974+0524513
IRAS 07598+6508
SDSS J082312.61+275139.8
2MASX J08380365+5055090
IRAS 08449+2332
SDSS J085018.31+180200.9
2MASX J08584172+1041223
IRAS 08572+3915
IRAS 08592+5248
2MASX J09041268-3627007
2MASX J09063400+0451271
2MASX J09133888-1019196
2MASX J09141380+0322009
UGC 05101
2MASX J09452133+1737533
2MASX J09530021+8127282
GALEXASC J095634.42+084306.0
2MASX J10062631+2725464

97.56
99.15
102.94
111.91
112.30
120.00
121.14
125.80
129.52
131.96
132.58
134.67
135.11
135.70
136.05
136.64
138.41
138.56
143.96
146.34
148.25
149.14
151.61

+35.13
−62.34
+22.07
−2.92
+61.31
+5.41
+65.00
+27.86
+50.92
+23.35
+18.03
+10.69
+39.07
+52.61
−36.45
+4.86
−10.32
+3.37
+61.35
+17.63
+81.46
+8.72
+27.43

0.170
0.160
0.143
0.088
0.137
0.190
0.148
0.168
0.097
0.151
0.145
0.148
0.058
0.158
0.060
0.125
0.054
0.145
0.039
0.128
0.156
0.129
0.166

844
788
701
413
668
955
727
833
459
744
712
726
270
779
276
605
249
710
179
621
769
624
820

0.94 ± 0.07
1.66 ± 0.08
2.07 ± 0.17
6.49 ± 0.03
0.93 ± 0.08
0.95 ± 0.08
1.69 ± 0.09
1.17 ± 0.07
2.14 ± 0.11
0.87 ± 0.07
1.28 ± 0.12
1.12 ± 0.07
7.30 ± 0.03
1.01 ± 0.09
11.64 ± 0.06
1.48 ± 0.09
6.75 ± 0.04
1.09 ± 0.07
11.54 ± 0.81
0.89 ± 0.06
1.43 ± 0.06
1.44 ± 0.10
1.14 ± 0.13

12.34
12.41
12.44
12.32
12.06
12.47
12.46
12.23
12.01
12.14
12.13
12.16
12.10
12.14
12.26
12.07
12.00
12.11
11.99
12.08
12.29
12.03
12.22

[227]
[227]
[227]
[215]
[227]
[227]
[246]
[246]
[227]
[227]
[246]
[246]
[215]
[246]
[215]
[246]
[215]
[246]
[227]
[227]
[246]
[246]
[246]
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α
[°]
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NED identification

α
[°]

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

GALEXASC J101216.80+464942.9
IRAS 10190+1322
GALEXASC J103638.01+153241.7
2MASX J10402919+1053178
IRAS 10485-1447
2MASX J10522356+4408474
SDSS J105839.29+382906.5
2MASX J10591815+2432343
FBQS J110214.0+380234
SDSS J110537.53+311432.1
LCRS B110930.3-023804
B2 1111+32
AM 1113-270
GALEXASC J112041.74+160656.7
IRAS 11223-1244
2MASXi J1141220+405950
2MASX J11531422+1314276
IRAS 11524+1058
2MASX J11575822+4540240
SDSS J120046.83+300414.1
2MASX J12022678-0129155
SDSS J120424.53+192509.7
2MASX J12054771+1651085

153.07
155.43
159.16
160.12
162.76
163.10
164.66
164.83
165.56
166.41
168.01
168.66
168.88
170.17
171.21
175.34
178.31
178.76
179.49
180.20
180.61
181.10
181.45

+46.83
+13.12
+15.55
+10.89
−15.06
+44.15
+38.49
+24.54
+38.04
+31.24
−2.91
+32.69
−27.27
+16.12
−13.02
+41.00
+13.24
+10.70
+45.67
+30.07
−1.49
+19.42
+16.85

0.246
0.077
0.197
0.136
0.133
0.092
0.208
0.043
0.158
0.199
0.107
0.189
0.136
0.166
0.199
0.149
0.127
0.179
0.147
0.223
0.151
0.169
0.218

1277
358
996
663
646
435
1058
197
779
1004
509
950
662
823
1006
729
616
892
718
1143
740
837
1113

1.18 ± 0.07
3.33 ± 0.27
0.98 ± 0.06
2.28 ± 0.14
1.73 ± 0.23
3.53 ± 0.21
0.62 ± 0.05
12.10 ± 0.03
1.29 ± 0.08
1.02 ± 0.07
3.25 ± 0.16
1.59 ± 0.17
1.21 ± 0.22
1.19 ± 0.10
1.52 ± 0.11
1.02 ± 0.06
2.58 ± 0.15
0.82 ± 0.07
0.80 ± 0.06
1.13 ± 0.17
2.41 ± 0.27
1.76 ± 0.12
1.36 ± 0.10

12.67
12.00
12.41
12.26
12.17
12.13
12.24
12.02
12.24
12.32
12.20
12.58
12.05
12.24
12.59
12.18
12.28
12.23
12.09
12.56
12.43
12.44
12.57

[246]
[246]
[227]
[246]
[246]
[246]
[227]
[215]
[246]
[246]
[246]
[246]
[246]
[246]
[246]
[246]
[246]
[227]
[227]
[246]
[246]
[246]
[246]
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NED identification

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

IRAS 12071-0444
IRAS 12112+0305
IRAS 12127-1412
3C 273
2MASSi J1238316-074225
FBQS J124707.7+370536
SDSS J125400.80+101112.3
MRK 0231
IRAS 13106-0922
WKK 2031
[HB89] 1321+058
2MASX J13331651-1755106
IRAS 13335-2612
2MASX J13362406+3917305
IRAS 13352+6402
MRK 0273
2MASX J13465107+0747184
4C +12.50
IRAS 13454-2956
2MASX J13484011+5818522
SDSS J135331.57+042805.2
2MASX J13561001+2905355
[HB89] 1402+436

182.44
183.44
183.83
187.28
189.63
191.78
193.50
194.06
198.31
198.78
201.08
203.32
204.09
204.10
204.21
206.18
206.71
206.89
207.08
207.17
208.38
209.04
211.16

−5.02
+2.81
−14.50
+2.05
−7.71
+37.09
+10.19
+56.87
−9.64
−55.16
+5.62
−17.92
−26.46
+39.29
+63.78
+55.89
+7.79
+12.29
−30.20
+58.31
+4.47
+29.09
+43.45

0.128
0.073
0.133
0.158
0.138
0.158
0.319
0.042
0.175
0.031
0.205
0.148
0.125
0.179
0.237
0.038
0.135
0.122
0.129
0.158
0.136
0.108
0.323

621
342
646
781
672
779
1719
193
869
139
1040
727
604
896
1221
172
658
587
625
778
662
518
1746

2.46 ± 0.15
8.18 ± 0.03
1.54 ± 0.09
2.06 ± 0.14
1.32 ± 0.09
1.04 ± 0.15
0.71 ± 0.06
30.80 ± 0.04
1.66 ± 0.20
41.11 ± 0.07
1.17 ± 0.08
1.16 ± 0.09
1.40 ± 0.11
1.11 ± 0.13
0.99 ± 0.05
22.51 ± 0.04
1.30 ± 0.14
1.92 ± 0.21
2.16 ± 0.11
1.27 ± 0.06
1.56 ± 0.09
1.83 ± 0.13
0.62 ± 0.06

12.35
12.28
12.10
12.73
12.11
12.06
12.73
12.51
12.32
12.26
12.63
12.21
12.06
12.37
12.54
12.14
12.15
12.28
12.21
12.15
12.27
12.00
12.96

[246]
[215]
[246]
[246]
[246]
[246]
[227]
[215]
[246]
[215]
[246]
[246]
[246]
[246]
[227]
[215]
[246]
[246]
[246]
[246]
[246]
[246]
[227]
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α
[°]
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NED identification

α
[°]

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

IRAS 14054-1958
2MASXJ 14081899+2904474
SDSS J140931.25+051131.2
2MASX J14144550-0140550
SDSS J142211.65+075927.9
2MASX J14223136+2602049
2MASX J14280106-1603400
IRAS 14348-1447
2MASX J14405901-3704322
2MASX J14410437+5320088
IRAS 14484-2434
2MASX J15023198+1421352
SDSS J150539.53+574307.1
2MASX J15155520-2009172
SBS 1517+522
SDSS J152238.10+333135.8
2MASX J15244389+2340099
IRAS 15250+3609
ARP 220
IRAS 15462-0450
2MASX J16114042-0147062
GALEXASC J161809.36+013922.3
IRAS 16255+2801

212.05
212.08
212.38
213.69
215.55
215.63
217.00
219.41
220.25
220.27
222.85
225.63
226.41
228.98
229.78
230.66
231.18
231.75
233.74
237.24
242.92
244.54
246.91

−20.21
+29.08
+5.19
−1.68
+7.99
+26.03
−16.06
−15.01
−37.08
+53.34
−24.78
+14.36
+57.72
−20.15
+52.10
+33.53
+23.67
+35.98
+23.50
−4.99
−1.79
+1.66
+27.91

0.161
0.117
0.264
0.150
0.131
0.159
0.150
0.083
0.068
0.105
0.148
0.163
0.151
0.109
0.139
0.124
0.139
0.055
0.018
0.100
0.134
0.132
0.134

796
561
1385
737
635
783
734
390
315
498
726
805
739
520
678
601
678
254
81
474
649
641
649

1.02 ± 0.06
1.61 ± 0.16
1.45 ± 0.09
1.39 ± 0.11
1.10 ± 0.09
1.49 ± 0.10
1.15 ± 0.13
6.82 ± 0.04
6.72 ± 0.04
1.95 ± 0.08
1.02 ± 0.07
1.87 ± 0.09
1.02 ± 0.04
1.92 ± 0.13
0.78 ± 0.05
1.77 ± 0.09
1.30 ± 0.09
7.10 ± 0.04
104.09 ± 0.11
2.92 ± 0.20
3.61 ± 0.14
1.13 ± 0.07
0.89 ± 0.09

12.12
12.03
12.76
12.23
12.00
12.39
12.15
12.30
12.15
12.04
12.04
12.38
12.05
12.09
12.15
12.18
12.10
12.02
12.21
12.16
12.49
12.04
12.04

[246]
[246]
[246]
[246]
[246]
[246]
[246]
[215]
[215]
[246]
[246]
[246]
[246]
[246]
[227]
[246]
[246]
[215]
[215]
[246]
[246]
[246]
[227]
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NED identification

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

SDSS J163221.37+155145.4
GALEXASC J163452.60+462453.1
SDSS J164658.91+454824.3
GALEXASC J164801.56+515545.3
2MASX J16491420+3425096
SBS 1648+547
2MASX J16551989+5256348
2MASX J17034196+5813443
IRAS 17044+6720
SDSS J170831.96+402328.0
2MASX J17185436+5441486
2MASX J17232194-0017009
IRAS 17463+5806
IRAS 18030+0705
2MASX J18383543+3552197
IRAS 18443+7433
IRAS 18531-4616
VII Zw 852
IRAS 18588+3517
Superantennae
2MASX J19322229-0400010
IRAS 19458+0944
IRAS 19542+1110

248.09
248.72
251.75
252.01
252.31
252.45
253.83
255.92
256.12
257.13
259.73
260.84
266.77
271.36
279.65
280.73
284.22
284.56
285.17
292.84
293.09
297.07
299.15

+15.86
+46.41
+45.81
+51.93
+34.42
+54.71
+52.94
+58.23
+67.27
+40.39
+54.70
−0.28
+58.09
+7.10
+35.87
+74.61
−46.21
+65.52
+35.36
−72.66
−4.00
+9.87
+11.32

0.242
0.191
0.191
0.150
0.111
0.104
0.194
0.106
0.135
0.179
0.147
0.043
0.309
0.146
0.116
0.135
0.141
0.176
0.107
0.062
0.086
0.100
0.065

1252
961
959
736
534
494
975
506
656
894
720
196
1657
714
558
655
687
880
510
286
404
475
301

1.48 ± 0.13
1.19 ± 0.06
0.94 ± 0.07
1.01 ± 0.05
2.27 ± 0.11
2.88 ± 0.12
0.68 ± 0.05
2.43 ± 0.15
1.28 ± 0.06
1.33 ± 0.08
1.36 ± 0.07
32.13 ± 0.06
0.65 ± 0.04
0.84 ± 0.07
2.23 ± 0.13
2.11 ± 0.10
1.42 ± 0.13
0.76 ± 0.04
1.47 ± 0.10
5.48 ± 0.22
7.32 ± 0.11
3.95 ± 0.40
6.18 ± 0.04

12.63
12.35
12.37
12.02
12.11
12.12
12.25
12.10
12.13
12.30
12.20
12.39
12.64
12.38
12.29
12.33
12.33
12.21
11.97
12.10
12.37
12.37
12.04

[246]
[246]
[227]
[246]
[246]
[246]
[227]
[246]
[246]
[246]
[246]
[215]
[227]
[227]
[227]
[227]
[227]
[227]
[227]
[227]
[215]
[227]
[215]
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α
[°]

156

NED identification

α
[°]

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

GALEXASC J200631.82-153906.5
2MASX J20112386-0259503
2MASX J20132950-4147354
IRAS 20286+1846
IRAS 20414-1651
ESO 286-IG 019
IRAS 21208-0519
[HB89] 2121-179
2MASX J21354580-2332359
GALEXASC J215016.25+051603.4
2MASX J22074966+3039393
IRAS 22088-1832
2MASX J22232890-2700034
IRAS 22491-1808
IRAS 22542+0833
2MASX J23042114+3421477
2MASX J23083397+0521293
2MASSi J2315213+260432
ESO 148-IG 002
2MASX J23254938+2834208
2MASX J23255611+1002500
2MASX J23260362-6910185
AM 2325-541

301.63
302.85
303.37
307.73
311.08
314.61
320.87
321.17
323.94
327.57
331.96
332.89
335.87
342.96
344.18
346.09
347.14
348.84
348.94
351.46
351.48
351.52
352.03

−15.65
−3.00
−41.79
+18.95
−16.67
−42.65
−5.12
−17.75
−23.54
+5.27
+30.66
−18.29
−27.00
−17.87
+8.82
+34.36
+5.36
+26.08
−59.05
+28.57
+10.05
−69.17
−53.98

0.192
0.106
0.130
0.136
0.087
0.043
0.130
0.112
0.125
0.171
0.127
0.170
0.131
0.078
0.166
0.108
0.173
0.179
0.045
0.114
0.128
0.107
0.130

966
504
628
660
410
196
630
536
604
850
614
846
637
364
823
516
861
894
204
547
619
509
630

1.65 ± 0.12
4.70 ± 0.28
5.23 ± 0.31
0.92 ± 0.07
4.36 ± 0.26
12.19 ± 0.03
1.17 ± 0.07
1.07 ± 0.09
1.65 ± 0.08
1.14 ± 0.15
1.87 ± 0.36
1.73 ± 0.10
1.75 ± 0.10
5.54 ± 0.04
1.20 ± 0.19
1.42 ± 0.10
1.15 ± 0.08
1.81 ± 0.14
10.94 ± 0.04
1.26 ± 0.13
1.56 ± 0.09
3.74 ± 0.15
2.30 ± 0.18

12.58
12.44
12.64
12.20
12.14
12.00
12.01
12.06
12.09
12.24
12.29
12.31
12.19
12.11
12.23
11.99
12.44
12.38
12.00
12.00
12.05
12.31
12.36

[227]
[227]
[227]
[227]
[246]
[215]
[246]
[246]
[246]
[246]
[227]
[246]
[246]
[215]
[246]
[227]
[246]
[246]
[215]
[246]
[246]
[227]
[227]
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NED identification

α
[°]

δ
[°]

z

dL
[Mpc]

f60
[Jy]

log10 (LIR /L )

Ref.

2MASX J23351192+2930000
2MASX J23390127+3621087
4C +03.60
2MASX J23522589+2440164
IRAS 23515-2917

353.80
354.76
355.38
358.11
358.53

+29.50
+36.35
+3.29
+24.67
−29.02

0.107
0.064
0.145
0.212
0.335

511
299
709
1079
1819

2.10 ± 0.13
7.44 ± 0.05
1.23 ± 0.15
1.02 ± 0.08
0.65 ± 0.06

12.06
12.13
12.09
12.40
12.81

[246]
[215]
[246]
[246]
[227]
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Appendix D
Details of the Stacking Analysis
In Section 4.3.1, 105 scrambles of the GFU data were performed in order to obtain
the background-only TS distribution of the ULIRG stacking analysis. Here we take a
look at the distribution of the likelihood fit parameters (n̂s , γ̂) of these backgroundonly trials, shown in Figure D.1. Their relation to the TS values is presented in
Figure D.2. In these plots, the trials for which TS = n̂s = 0 are omitted since then
γ̂ becomes degenerate. As expected, a strong correlation is found between TS and
n̂s , and γ̂ is relatively degenerate for low TS and n̂s values. However, as n̂s and TS
increase, the fitted spectral index converges to a value γ̂ ∼ 3. The reason behind this
convergence is that the data itself consists mostly of atmospheric background, which
follows an E −3.7 energy spectrum [344]. The fact that the analysis converges towards
a slightly stronger E −3.0 spectrum for the background is a consequence of the GFU
event selection (Section 3.3), which is biased towards high-energy events (especially
in the Southern Hemisphere) as these are more likely to be of astrophysical origin.
When injecting pseudosignal to the trials in Section 4.3.2, it was found that the
likelihood fit parameters are biased due to the limited description of the background
energy PDF that enters the likelihood. In particular, the bias was discussed using
103 trials for each combination of the mean number of injected pseudosignal events
µinj ∈ {5, 10, ..., 500} and injected spectral index γinj ∈ {2.0, 3.0}. Here, similar bias
plots are shown in Figure D.3, Figure D.4, and Figure D.5 for the complementary
injected spectral indices γinj ∈ {1.5, 2.5, 3.5}, respectively. Note that for low values
of µinj , and in general for γinj = 3.5, the fitted γ̂ is driven more by the background
value of ∼3.0 rather than the injected value of γinj .

104

4.0
3.5

103

Counts

γ̂

3.0
102

2.5
2.0

101

1.5
1.0
0

50

100

150

200

100

n̂s

Figure D.1: Distribution of the likelihood fit parameters for nonzero backgroundonly trials. Here, n̂s and γ̂ are the fitted number of signal events and spectral index,
respectively.
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Figure D.2: Distribution of the test statistic (TS) as a function of the likelihood fit
parameters for nonzero background-only trials. The left and right panels show the
TS distribution as a function of the number of signal events, n̂s , and the spectral
index, γ̂, respectively.
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(a) n̂s bias
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(b) γ̂ bias

Figure D.3: Bias plots for the fitted number of signal events, n̂s , and fitted spectral
index, γ̂, shown in Panels (a) and (b), respectively. Both are shown as a function of the
mean number of injected signal events, µinj , for an injected spectral index γinj = 1.5.
In each plot, the median of the fit parameter is indicated (blue solid line), as well as
the ±68% and 95% contours (dark blue and light blue bands, respectively), while the
black dashed line represents the ideal non-bias scenario.
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Figure D.4: Same as Figure D.3 for γinj = 2.5.
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Figure D.5: Same as Figure D.3 for γinj = 3.5.
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Appendix E
Constraining the
AGN Beam-Dump Model
This Appendix is devoted to the details behind the constraints on the AGN beamdump model by Vereecken & de Vries [145, 146], discussed in Section 5.3.2. Equation (2.5) is used to calculate the lower limit on the electron-to-proton luminosity
ratio,
QR
.
(E.1)
fe90% = χ 90%
Qp

Here, Q90%
is the proton energy generation rate of ULIRGs normalized to the upp
per limit at 90% CL on the diffuse muon-neutrino flux determined in the analysis,
Φν90%
. The value of electron-to-radio luminosity ratio is fixed at χ = 100, as done
µ +ν µ
by Vereecken & de Vries.
The radio luminosity density of ULIRGs is given by QR ≡ n0 LR , where n0 is the
local ULIRG source density, and LR is the typical radio luminosity of ULIRGs determined using Equation (2.2),






LAGN
L1.4 GHz
IR
(E.2)
log
= log 
 − qIR .
−1
12
W Hz
3.75 × 10 W 
Here, LAGN
= 0.1LIR is the estimated contribution of AGN to the total IR luminosity
IR
of ULIRGs, motivated by Figure 2.5. As such, the ULIRG radio luminosity is estimated which is attributed to the AGN. As done by Vereecken & de Vries, the total IR
luminosity is fixed to LIR = 1012 L and the IR-to-radio luminosity ratio to qIR = 2.6.
The latter is also motivated by the discussion in Section 2.1.2. Following the authors, the total radio luminosity is related to the differential luminosity at 1.4 GHz
as LR = 1.4 GHz × L1.4 GHz . Their value of the local ULIRG source density is also
adopted, n0 = 5 × 10−7 Mpc−3 , which is consistent with the observations presented
in Figure 2.7. After putting everything together, the following estimate for the radio
luminosity density of ULIRGs is obtained: QR = 5.6 × 1039 erg Mpc−3 yr−1 .
Next, Q90%
= Q90%
p
ν /fν needs to be determined, using the definition
(E.3)

fν ≡ Qν /Qp ,

which is the fraction of the proton energy generation rate that is converted into
neutrinos. Following the method of Vereecken & de Vries, the average single-flavor
neutrino energy generation rate is determined via Equation (5.9),
Q90%
ν

4πH0
=
cξzmax

Z

E2

E1

Eν Φν90%
(Eν ) dEν
µ +ν µ

4πH0 90%
=
Φ
cξzmax 0

Z
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E1

Eν
E0

!1−γ
dEν ,

(E.4)
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with E0 = 10 TeV and Φ090% taken from the sensitivity line in Figure 4.14. The redshift evolution parameter ξzmax is determined for a source evolution following that
of ULIRGs—see Equation (2.3)—and a maximum redshift zmax = 4.0. The energy
bounds of the integration were not explicitly mentioned by Vereecken & de Vries,
such that they are set to correspond to the energy range of the neutrino prediction
line in Figure 2.10, i.e. E1 = 100 MeV and E2 = 10 PeV. Table E.1 lists the inferred
values of Q90%
for γ = 2.0 and γ = 2.1, which are the two spectral indices considered
ν
by Vereecken & de Vries for their predictions.
The remaining parameter that needs to be determined is fν . The proton energy
generation rates reported by Vereecken & de Vries are the starting point, QHESE
,
p
which are fitted to the 6-year diffuse HESE observations of [275]. These values are
listed in Table E.2 for all combinations of the spectral index1 γ ∈ {2.0, 2.1} and dust
column density NH /(1025 cm−2 ) ∈ {5, 10} considered by Vereecken & de Vries. The
neutrino-flux line2 ΦνHESE of Figure 2.10 is used—as well as the corresponding plots
found in [145, 146] for other combinations of γ and NH —to determine the average
single-flavor3 neutrino generation rate that fits the HESE data, QHESE
,
ν
QHESE
ν

4πH0
=
cξzmax

Z

E2

E1

Eν ΦνHESE (Eν ) dEν .

(E.5)

The resulting values of fν = QHESE
/QHESE
are listed in Table E.3. The fact that
ν
p
fν ∼ 5% indicates that effectively no protons are able to escape the source environment. They all interact with the extremely dense dust columns, and since ∼5% of the
proton energy is converted into neutrino energy in hadronic interactions [14], the
neutrino energy generation rate of the source is ∼5% of the proton energy generation rate. This computation serves as a consistency check of the discussions found in
[145, 146]. Finally, using Equations (E.1) and (E.3), the lower limits on the electronto-proton luminosity ratio are obtained for the different combinations of γ and NH ,
which are listed in Table E.4.

Spectral index γ
2.0
2.1

[1043

Q90%
ν
erg Mpc−3 yr−1 ]
1.3
2.3

Table E.1: Upper limits on the average single-flavor neutrino energy generation rate,
Q90%
ν , of the AGN beam-dump model for two values of the spectral index γ. These
values are found by fitting the model of Vereecken & de Vries to the corresponding
diffuse-flux upper limits (90% CL) of the ULIRG stacking analysis via Equation (E.4).

1 The values for γ = 2.1 were obtained after private communications with M. Vereecken.
2 Note that Φ HESE does not refer to the HESE measurements, but rather to the prediction of
ν

Vereecken & de Vries that fits the HESE observations.
3 This assumes a flavor ratio (ν : ν : ν ) = (1 : 1 : 1), consistent with IceCube observations (Sece
µ
τ
tion 1.2.2).
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QHESE
[1045 erg Mpc−3 yr−1 ]
p

γ = 2.0

γ = 2.1

1.6
1.5

3.0
2.8

NH = 5 × 1025 cm−2
NH = 1026 cm−2

Table E.2: Proton energy generation rates, QHESE
, reported by Vereecken & de Vries
p
in [145, 146], that fit their AGN beam-dump model to the diffuse neutrino observations of the 6-year HESE analysis [275]. These are given for different combinations
of the spectral index γ and dust column density NH .

fν ≡ Qν /Qp [%]

NH = 5 × 1025 cm−2
NH = 1026 cm−2

γ = 2.0

γ = 2.1

4.9
6.6

5.3
6.2

Table E.3: Fractions of the neutrino energy generation rate to the proton energy generation rate, fν , for different combinations of the spectral index γ and dust column
density NH . These values were determined using the proton generation rates that
were fitted to the HESE data, found in Table E.2, and the neutrino energy generation rates found using Equation (E.5) and (the equivalents of) Figure 2.10 (given in
[145, 146]).

fe90% [‰]

γ = 2.0

γ = 2.1

NH = 5 × 1025 cm−2
NH = 1026 cm−2

2.2
2.9

1.3
1.5

Table E.4: Lower limits on the electron-to-proton luminosity ratio, fe90% , of the
ULIRG source population. These limits are given for different combinations of the
spectral index γ and dust column density NH .
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