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Abstract

The origin of the astrophysical neutrino flux detected by the IceCube Neutrino Observatory re-
mains unknown. Numerous analyses have attempted to distinguish point sources in the arrival
direction data. To date no significant point sources have been discovered. The isotropic distribu-
tion of high energy neutrinos suggests that the neutrinos are extra-galactic in origin. Additionally
the measurements of the energy spectrum and flavour composition suggest that the neutrinos are
produced in the interactions of high energy cosmic rays with surrounding gas and background
radiation. Among the most likely proposed sources of neutrinos are starburst galaxies, galaxies
with a star-formation rate at least an order of magnitude above that of a normal star-forming
galaxy like the Milky Way. The enhanced star-formation rate correlates with enhanced rates of
supernovae and gamma-ray bursts, which produced cosmic rays, as well as dense gas and ambient
radiation, making them ideal locations for cosmic ray interactions. Such cosmic ray interactions
should also produce high energy ~-ray emission that may be useful in guiding our search for
neutrino sources.

In this thesis we examine the hypothesis that starburst galaxies produce the majority of the
astrophysical neutrino flux in two principal ways. First we derive an upper limit on neutrino
emission per starburst galaxy using local infra-red and ~-ray emission, and sum the predicted
emission over the co-moving starburst number density up to a red-shift of z,,4, = 5. The es-
timated energy flux is highly sensitive to the assumed spectral index and the assumption of
hadronic y-ray production. We find that only for a very hard spectral index I' ~ 2 could star-
burst galaxies produce the majority of the neutrino flux at £ > 100TeV. Such a hard spectral
index is disfavoured by most analyses of the IceCube diffuse flux and measurements of high
energy ~-rays in local starburst galaxies M82 and NGC 253. Additionally, under this scenario
the majority of the flux would originate in distant sources (z ~ 2), with only ~ 2% of the flux
produced in the local Universe (D < 200 Mpc).

The second method is to search directly for a neutrino signal originating from nearby starburst
galaxies which would manifest as clustering of neutrino arrival directions around the positions
of the brightest starbursts. We implement a stacked point source analysis, using the positions
of starburst galaxies in the IRAS Revised Bright Sample to define the locations of point source
while using their infra-red emission to weight the sources assuming a spectral index of I' = 2.
We measured the sensitivity of the analysis to a collective point source flux distributed amongst
the IRAS starburst galaxies. We find that our analysis is sensitive to a point source energy flux
of E2d¢y753/dE =3 x 1072 TeVem 257! at a confidence level of 90%. This corresponds to
around 3.2% of the astrophysical neutrino flux associated with local starburst galaxies in the
IRAS Revised Bright Sample, slightly above the value of the theoretical upper limit (~ 2%)
found in chapter [6]

We find that the analysis is sensitive to the neutrino flux of starburst galaxies only under the most
optimistic assumptions of a hard starburst spectral index I' ~ 2 and near 100% correspondence
of neutrinos to y-rays (v/y ~ 1). Overall we find it unlikely that starburst galaxies produce the
majority of the astrophysical neutrino flux and conclude that we only expect to distinguish a
starburst signal with our point source analysis if starbursts did account for the majority of the
flux. However the analysis sensitivity may improve with increased statistics from later neutrino
data sets obtained by IceCube.
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Chapter 1

Neutrino Physics

1.1 History

Neutrinos (represented with the Greek letter v) are fundamental particles of the Standard Model
and is the second most Standard Model particle after the photon. Neutrinos belong to the lep-
ton family and come in three flavours associated with the electron (v¢), muon (v,) and the tau
particle or tauon (v,). Neutrinos have no interaction wvia the electromagnetic or strong forces,
interacting only via the weak force and gravity. Since they have infinitesimal but finite mass
(m, < me) it is the weak force that makes their detection possible.

The existence of neutrinos was postulated by Wolfgang Pauli in 1930 to preserve conservation
of energy, momentum and spin in S-decay. He dubbed this new particle the “neutron” (not to
be confused with the current neutron) and hypothesized that this particle was ejected from the
nucleus together with the electron or positive S-particle [69]. In 1932 James Chadwick discovered
a more massive neutral particle inside the nucleus and also named it neutron, although it was
not clear at the time that the two particles with the same name were distinct from one another.
The name “neutrino” was coined by Enrico Fermi in 1932, coming from the Italian for “little
neutral one”. In 1934 Fermi introduced a model of -decay which united Pauli’s neutrino with
Dirac’s positron and Heisenberg’s neutron-proton model. Fermi’s theory described the process
by which a neutron could decay to a proton by ejecting an electron and anti-neutrino.

n—pt+e +0 (1.1)

Pauli lamented that he had discovered a particle whose existence could never be confirmed
experimentally. However only 22 years later neutrinos were measured in a nuclear reactor in
the famous Cowan-Reines experiment [74]. Anti-neutrinos produced via nuclear fission reacted
with protons in a water tank adjacent to the reactor, producing positrons which annihilated
with surrounding electrons to produce ~-rays that were measured. Additionally the neutrons
produced in the §-decay were absorbed by cadmium which then decayed to its ground state,
emitting ~y-rays.

v+pt —wntet (1.2)
n+1%8Cd — 1%9mCd - 19Cd 4 v (1.3)

1.2 Neutrinos in the Standard Model

The Standard Model is a theory which seeks to explain all physical phenomena, excluding grav-
ity, through the interaction of twelve fermions, four gauge bosons and the Higgs Boson. The
fermions constitute the three generations of matter and are further divided into the quark and
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Figure 1.1: A table of the fundamental particles of the Standard Model and some of their
properties: mass, charge and spin. The table lists six quarks, six leptons (including the three
flavours of neutrinos), four gauge bosons (mediating three of the fundamental forces) and one
scalar boson: the Higgs Boson, which provides the mechanism for giving mass to the fundamental
particles.

lepton families. Quarks are the building blocks of protons and neutrons and a vast array of
particle configurations collectively known as hadrons. Quarks are half-spin particles that exist
in three generations of matter (or in six different flavours). The six different types of quarks:
up, down, charm, strange, top and bottom are summarized in figure In addition to flavour
and electrical charge, quarks exhibit a property known as “color” or “color charge” (note that
the American spelling is used for “color” as a property of quarks, while the British spelling is
used for all other instances of “colour” in the text). Quark color; red, green, blue or their anti
equivalents couple them to gluons (which also have color and can self interact) which mediate
the strong force. Due to a property known as confinement, color charge cannot be directly ob-
served, all particles observed in a nature must be “white” i.e. all colors balanced. As such quarks
are never isolated and exist in quark-antiquark pairs known as mesons (i.e. red and anti-red)
and triplets known as baryons (red, green and blue or their equivalent anti-colors). The lowest
mass and most stable baryons are protons and neutrons which are made of up and down quarks
but a vast menagerie of short-lived baryons exists. More exotic configurations of quarks remain
largely hypothetical, although there is some evidence for a pentaquark [2]. Baryon number is a
conserved quantity in all known particle interactions, but some Grand Unified Theory extensions
to the Standard Model allow for baryon-lepton couplings, which would result in proton-decay
over time-scales much longer than the current age of the Universe. Searches for proton-decay
placed lower limits on proton half-lives from 103! years to 103* years depending on the decay
mechanism [84].

Leptons do not exhibit color charge and hence only interact via their electric charge and flavour.
The three generations of leptons include electrons and their heavier cousins: muons and tauons
(usually called tau particles). These three particles each have an associated neutrino. In addi-
tion these particles have their associated anti particles. In particle interactions, lepton number



is conserved, i.e. in negative S-decay.

n—pt+e +1 (1.4)

All particles in the Standard Model have some fundamental properties including spin (the quan-
tum mechanical equivalent of angular momentum), electrical charge, parity and coupling con-
stants. Fermions, by definition, have half integer spin, a property owing to the Pauli Exclusion
principle. All Standard Model fermions, including neutrinos, have a spin of s = 1/2 and the
gauge bosons have s = 1 while the Higgs boson has s = 0.

1.3 Neutrino Interactions

In the Standard Model neutrinos interact solely via the weak force (also known as the flavour
interaction). The weak interaction exists via the coupling of leptons or quarks to virtual W,
W~ and Z° bosons. The two W bosons are electrically charged and are each other’s anti-particles
while the Z boson acts as its own anti-particle. The W and Z bosons are relatively massive, 80.39
MeV and 91.19 MeV respectively, and due to the Heisenberg uncertainty principle have half lives
of around 3 x 1072 seconds. The short life of W and Z bosons limits the range of the weak
force to ~ 1078 metres, 0.1 % of the charge diameter of a proton. The distinction of being weak
owes to the effective strength of the force per lepton being several orders of magnitude weaker
than the strong force and electromagnetism, although it is still vastly stronger than gravity. The
weak interaction allows quarks and leptons to exchange flavour. The S-decay of a neutron to a
proton can be explained through the transformation of a down-quark in the neutron into an up-
quark through the release of flavour and charge via the W~ boson. The boson itself decays into
an electron and anti-electron-neutrino, with charge and lepton-number conserved as depicted in
figure

qq = qu+ W~ (15)

W~ e +7, (1.6)

Weak interactions mediated by the W bosons are called charged-current (CC) interactions, as
they require an exchange of charge as well as flavour, while Z-bosons mediate neutral-current
(NC) interactions. An example of CC and NC interaction between an electron and electron-
neutrino is shown in figure The low range and strength of the weak force of neutrinos to
matter means that even dense configurations of matter such as stars and planets are essentially
transparent to neutrinos at low energies. The cross-section of neutrinos with leptons and quarks
grows with energy according to a power-law (logo, o log E,) [28]. Models of cross section
predict the electron-neutrino cross section as 1073! mb for relic neutrinos at 1 K to 1077 mb
for astrophysical neutrinos at PeV energies [28]. At high energies the Earth becomes opaque
to neutrinos. Observation of atmospheric neutrino attenuation through the Earth by IceCube
was used to find the neutrino cross section up to 988 TeV, which was found to be ~ 1.3 times
that expected from the Standard Model [I1]. However large uncertainties mean this value is
still consistent with the Standard Model. A resonant production of W bosons by anti-electron-
neutrinos at 6.3 PeV is known as the Glashow resonance [33] but has not yet been observed by
IceCube [19].

1.4 Oscillations and Neutrino Mass

Neutrinos are known to exist in different flavour states when observed at different times. Oscil-
lation between flavours implies directly that neutrinos have a non-zero mass, an observation that
contradicts the Standard Model which predicts that neutrinos should be massless. Oscillation
results from the mixture of mass and flavour eigenstates in a population of neutrinos. As a given
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Figure 1.2: A Feynmann diagram depicting S~-decay of a neutron into a proton. A neutron is
made of two down-quarks and an up-quark while the proton is made of two up-quarks and one
down-quark.
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Figure 1.3: A pair of Feynmann diagrams respectively depicting CC and NC scattering between
a neutrino and an electron [28].



neutrino propagates through space the phase of the three mass states (simply labelled 1, 2 and
3) change at different rates since the masses are not equal. The changing mixture of mass states
results in a change in the flavour mixture.

The rate of change of flavour composition is a function of distance over energy (R, ., o« D/E),
so that higher energy neutrinos oscillate at a slower rate and over greater distances. In the
case of extra-galactic neutrinos, the propagation distance is at least a few orders of magnitude
greater than the oscillation distance (L ~ 100kpc for E = 1PeV) allowing the flavour mixture
to approach an equilibrium state dependent on the initial mixture [87]. Consequently, careful
measurement of the flavour composition by neutrino observatories such as IceCube can help to
reveal the production mechanisms of cosmic neutrino sources. A more detailed discussion of
experimental constraints on flavour composition is given in chapter [3}

The value of the three neutrino mass states is unknown, indeed the ordering of the three mass
states is an unresolved question. From cosmological measurements the sum of the 3 mass states
is found to be much smaller than the electron mass such that S2_ m,; < 10~5m, [63]. There
are constraints on the differences of the masses from measurements of solar and atmospheric
neutrinos by Super Kamiokande and other experiments [63].

Mass?

(| (@ ®
-

2.5x 10° eV2<

Ll @
{| ® )

7.6 x 10° eV?

?

0° Normal Inverted

Figure 1.4: Illustration of the normal and inverted mass hierarchy, with the difference in squared
masses based on measurements by Super Kamiokande (http://www.hyper-k.org/en/physics).
While the squared difference between the mass states is well known, the ordering and absolute
masses are not.

1.5 Neutrino Astronomy

In the decades since the Cowan-Reines experiment, neutrinos have been detected from numerous
sources, both natural and artificial. In an analogy to the vast electromagnetic spectrum of
photons, we can describe the neutrino spectrum across at least 24 orders of magnitude of energy,
from the cosmic neutrino background at temperatures on the order of one kelvin to cosmogenic
neutrinos at energies comparable to the most energetic known cosmic rays (see figure .
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Figure 1.5: The measured and theoretical fluxes of neutrinos from various origin scenarios across
24 decades of energy [49].

1.5.1 Relic Neutrinos peV < E < meV

Relic neutrinos comprise the Cosmic Neutrino Background CvB, a leftover signature of the Big
Bang. Their spectrum is expected to obey a black-body distribution of energy in an analogy to
the Cosmic Microwave Background (CMB). In the first second following the Big Bang, the Uni-
verse was composed of neutrinos, electrons, positrons and photons in thermal equilibrium with
each other. When the temperature dropped to below 10K or 2.5 MeV, neutrinos decoupled
from photons as the electroweak symmetry collapsed, but the two species remained in thermal
equilibrium as the Universe expanded. However when the temperature dropped to below 0.511
MeV (the mass of the electron), the majority of positrons and electrons annihilated, greatly
increasing the energy density of radiation and transferring heat and entropy to the newly cre-
ated photons, increasing the overall photon temperature [36]. As a result we can estimate the
temperature of the CvB from the temperature of the CMB (T p = 2.725K) by assuming that
the entropy of the Universe was conserved during the epoch of annihilation. From the entropy
relation S oc g7 where S is the entropy, g the degrees of freedom we find:

goyizs _ T
(Lyre = 2 (1.7
where Ty and T denote the temperature before and after annihilation respectively. The degrees
of freedom are determined by the types of particles: g1 = 2 as the products of annihilation
were photons (as they are bosons) while g7 is found from the sum of fermion degrees of freedom
(2 x 7/8 for leptons) and photon degrees of freedom. Hence we find the temperature of the CvB.
Q: Tevs _ 2 )1/3:(
T,y TCMB 2—|—2X7/8—|—2X7/8

4
11

)3 = Toyp = 1.95K (1.8)

Relic neutrinos would have a density 56 v, per cm?® and an average energy of E ~ 3 x 1074 eV
[36]. The extreme low energies of the neutrinos make them extraordinarily difficult to distinguish
from other background radiation. However if detected, relic neutrinos would be the most distant



source of radiation measured so far and would be another verification of the Big Bang theory.
Detection via induced beta decay of tritium has been proposed using the KATRIN experiment
in Karlsruhe, Germany [25] [26] where the following interaction is searched for:

Ve +°H — *He 4 e (1.9)

Indirect evidence for the C'vB comes from primordial helium and deuterium abundances and the
CMB anisotropy measured by the Planck spacecraft [72].

1.5.2 Solar Neutrinos eV < E < MeV

The sun is powered by continous nuclear fusion in the core that transforms hydrogen into helium
through a multi-reaction process made possible by the intense temperature of 15 million K in
the core. The initial proton-proton reaction is only possible via the weak interaction and is
responsible for 86 % of solar neutrinos

prp—dt+et +u, (1.10)

the produced deuterium (d or ?H) will fuse with an additional proton producing helium-3 |,

p+d—3He+~ (1.11)

subsequently the helium-3 fuse to produce helium-4,

SHe 4 *He — *He + 2p (1.12)

alternatively, the isotopes helium-3 and helium-4 fuse to produce beryllium

“He + 3He — "Be + v (1.13)
where the berylium isotope contains four protons and seven neutrons. Light elements prefer
symmetry between their proton and neutron numbers. “Be can capture an electron creating “Li

Be+e” — Li+ v, (1.14)

alternatively the berylium isotope can absorb one of the abundant protons to produce boron,

Be+p—B+y (1.15)

"Li produced thereafter may interact with a proton to produce helium,

"Li+p— %Be” — ‘He + *He (1.16)

while the boron isotope will remove its excess proton via 3+-decay,

B = ®Be+e' + 1, (1.17)

and the resulting beryllium disintegrates into two helium nuclei (as per equation . Apart
from the initial pp reaction neutrinos another 14 % are produced in the beryllium electron-
capture while the boron decay contributes only 0.04 % [58]. In total the solar
neutrino particle intensity at the Earth’s surface is I, g0 ~ 7 X 10"%m™2s~!. The sun is a pure
electron-neutrino source, but the flavour ratio approaches parity due to neutrino oscillations.
Consequently measurements of the solar neutrino flux using chlorine neutrino capture (v, +
3701 — 37Ar 4 e7) measure only 1/3 of the flux predicted by solar models, the so-called solar
neutrino paradox. This paradox was ultimately resolved by introducing neutrino oscillations. At
the time of writing the sun is the only identified steady neutrino source beyond the Earth [36].



1.5.3 Supernova Neutrinos MeV < EF < GeV

Supernovae are the end stage of the life cycle of massive stars. Over the star’s lifetime the
initial gravitational collapse of the star is offset by outward radiation pressure from the core
powered by nuclear fusion. Massive stars phase through fusion of successively heavier elements,
initially converting hydrogen to helium, helium to carbon and oxygen. The cycle continues
through oxygen, neon, silicon, sulphur and finally iron, the element with the highest binding
energy per nucleon. At this point, fusion of iron cannot generate additional energy and hence
provide sufficient radiation pressure to keep the star in equilibrium and the star resumes its
initial collapse. The core eventually approaches nuclear densities and temperatures of 10! K (10
MeV) at which point electrons merge with protons to form neutrons. The core is transformed
into a neutron star with a radius around r ~ 10 km. The de-leptonization initiates a tremendous
burst of neutrinos,

e +p—on+ve (1.18)

In the high temperatures of the collapse, the thermal photons produce electron-positron pairs
which are immediately absorbed by the surrounding matter. Only Z bosons produced in weak
interactions,

et +e” = 2% 5 vy + 7 (1.19)

allow heat to escape from the core in the form of neutrinos [58], produced “democratically” across
flavours (1:1:1). In total the neutrino burst produces 10°® neutrinos and accounts for 99 % of
all energy generated by the supernova (Egn, ~ 10%erg). At the Earth, the neutrino emission
from a supernova can be observed before the photon emission as the neutrinos escape from the
core and travel through the stellar interior whilst it may take hours or days for the shock wave
from the core to reach the stellar surface initiating the photon burst. In 1987 neutrinos from a
supernova in the Large Magallenic Cloud (Drarc = 51.4 kpc) were detected by the Kamiokande
and IMB (Irvine-Michigan-Brookhaven) experiments 3 hours before the supernova was seen by
conventional telescopes. Today several neutrino telescopes including IceCube, Antares, Super-
Kamiokande, Baikal and others form the SuperNova Early Warning System (SNEWS) whose
purpose is to broadcast a supernova alert to astronomers if separate neutrino bursts are detected
within seconds of each other [79]. Currently IceCube has the sensitivity to detect a supernova
within the Milky Way and the Large Magellenic Cloud [52].

1.5.4 Astrophysical and Atmospheric Neutrinos MeV < FE < EeV

High energy cosmic rays produce neutrinos via charged pion decay via pp and py reactions. This
may take place in regions of high gas and radiation densities, either at the sources of cosmic ray
acceleration or in surrounding environments over the path of the cosmic ray. Indeed assuming
that some fraction (~ 10%) of cosmic ray power is lost at the source to photohadronic and
proton-hadronic interactions, one can derive a model-independent upper bound on the possible
neutrino flux [89]. Proposed astrophysical neutrino sources include supernova remnants, gamma-
ray bursts, active galactic nuclei and star-forming regions. A similar process occurs in the Earth’s
atmosphere, where cosmic-ray interactions with the air generate pions, kaons and other charmed
mesons, producing the atmospheric neutrino spectrum. These processes are discussed in greater
detail in chapters and

1.5.5 Cosmogenic Neutrinos F 2 PeV

The cosmic ray energy spectrum extends to E ~ 10?2 eV based on current measurements [71]. At
E ~ 60 EeV, CMB photons are blue-shifted to the threshold of pion production in the rest-frame
of the proton. Thus the presence of the CMB renders the Universe opaque to the highest energy



protons at cosmological distances, whilst higher mass cosmic rays would suffer similar extinction
due to photo-disintegration. The proton decays into a neutron, emitting a charged pion which
subsequently decays into p* & v,.

p+yemp > n+at = v+t (1.20)

The muon and neutrons will subsequently decay:

pt — i, + et + v (1.21)
n—pt+e +0, (1.22)

such that the final flavour ratio is (1:1:0) at the production site. The primary proton loses 20 %
of its initial energy per interaction. This is known as the Greisen-Zatsepin-Kuzmin (GZK) effect.
The same interaction can also produce high energy photons [55] via neutral pion decay.

p+vomup = p+ 10— 2y (1.23)

The GZK effect gives rise to cosmogenic neutrino and photon flux, neither of which have been
detected by observatories such as Pierre Auger and IceCube [I] [54]. The cosmogenic neutrino
energy flux has been limited to below E2®,(E,) < 6.4 x 107°GeVem =25~ !sr~! for an energy
range of 1017eV < E, < 10 eV assuming an energy spectrum of E~2 at 90 % confidence. The
upper limit approaches the the upper-limit derived by Waxmann and Bahcall [89].

1.6 Summary

Neutrinos are weakly interacting neutral particles of the Standard Model. They have a small but
non-zero mass and therefore oscillate between mass and flavour states. Despite the difficulty of
detection, neutrinos have been measured across several orders of magnitude in energy, from GeV
energy solar neutrinos up to PeV energy astrophysical neutrinos. The origins of astrophysical
neutrinos are still unknown but may be related to the production of cosmic rays in extra-galactic
sources. The origins of neutrinos and cosmic rays will be examined in chapter [2|
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Chapter 2

High Energy Astrophysics

High energy astrophysics (or particle astrophysics) is the study of the most powerful and violent
processes in the Universe. These processes generate high energy electromagnetic radiation, -
rays with energies in the MeV regime or higher as well as other messenger particles such as
cosmic rays and neutrinos. Recently gravitational-wave astronomy has emerged as a probe into
objects such as binary neutron stars and black holes, which are also thought to emit high energy
particles. In general high energy ~-rays follow an inverse-power law distribution in energy, which
differentiates them from thermal radiation at lower energies. The power-law distribution is taken
as evidence that high energy v-rays are generated by cosmic ray collisions which also generate
neutrinos. Thus a key goal of particle astrophysics is to find coincident emission between cosmic
rays, neutrinos and ~-rays. Unfortunately this task is complicated by the different responses
of these particles to magnetic fields, radiation backgrounds and gas clouds that permeate space
on galactic and extra-galactic scales. Each “messenger” comes with certain advantages and
disadvantages (illustrated in figure .

1. Cosmic rays have their travel paths bent by magnetic fields as they are electrically charged.
Deflection increases with charge and decreases with energy, so for the special case of proton
cosmic rays at E > 10! eV it may be possible to trace their paths to their origins.

2. ~-rays are electrically neutral, so their paths are unaffected by magnetic fields. However
they interact with interstellar gas and radiation, which progressively limits their maximum
range with energy.

3. Neutrinos are neutral and weakly-interacting, meaning they suffer no significant deflection
and absorption, but these properties make them difficult to detect in sufficient numbers for
astronomical observations.

Since particle-media interactions are proportional to the medium’s density, it becomes useful to
define an “interaction depth” X measured in units of column density [g/cm?] to use in place
of interaction length I, removing density p from the discussion. Note that X is defined as the
integral of the medium’s density over any path traced by a particle in space over distance .

[
X(1) = /0 o)l [g/cm?] (2.1)

2.1 Cosmic Rays

Cosmic rays are a form of ionizing radiation originating from beyond the solar system (ionizing
particles from the Sun are called the solar wind), high energy charged particles that bombard the
Earth’s atmosphere across twelve orders of magnitude in energy. This radiation may be modified
across galactic and extragalactic distances, galactic cosmic rays traverse a depth of 6 g/cm? on
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Figure 2.1: A graphical comparison of the properties of cosmic messengers: cosmic rays, gamma-
rays and neutrinos (graphic designed by Jamie Yang of the IceCube Collaboration).

average before reaching the “top” of the Earth’s atmosphere [58], arbitrarily defined as being at
40 km in elevation [58]. Cosmic rays are generated in the acceleration of charged particles due
to Lorentz forces, predominantly protons and electrons. However as the entire periodic table is
present in interstellar media, higher mass nuclei up to iron are accelerated giving rise to the mass
spectrum of cosmic rays. In the course of interactions in their sources or in the surrounding space
(or in the atmosphere) cosmic rays lose energy and generate secondary particles. The unstable
mesons (primarily kaons and pions) generated in these collisions subsequently decay into stable
particles including photons (7° — 27) and neutrinos (7= — p + v,). These secondary particles
reach Earth carrying information about their sources. When primary cosmic rays arrive at the
Earth’s atmosphere they interact with the air to eventually produce showers of high energy
particles: mesons, muons, neutrinos, electrons and photons which are sometimes also called
secondaries.

2.1.1 Cosmic Ray Spectrum and Ultra High Energy Cosmic Rays

The cosmic ray spectrum for protons and higher mass ions can be described well across more
than ten decades of energy with an inverse power law spectrum with an index of I' = 2.7 (figure
. The form of the spectrum indicates a non-thermal origin [30]. Indeed the energy spectrum
has been used to draw conclusions on cosmic ray origins in lieu of conventional astronomical

d®cr

observations. The spectrum is described with the differential cosmic ray flux

dEcr
where Ecg is the cosmic ray energy. At higher energies the shape of the spectrum changes, giving

rise to three important features of the spectrum: the “knee”, the “ankle” and the suppression of
the spectrum. The “knee” occurs at 1015 eV where the spectrum softens to I' = 3.1. The cause

x EEII; [em ™25 ter eV (2.2)
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Figure 2.2: The all-mass cosmic ray energy spectrum measured by multiple cosmic ray observa-
tories [15].

of the “knee” is unknown but it possibly marks the maximum acceleration ability of supernova
remnants [58]. The spectrum hardens to T’ = 2.7 at 108 eV, the “ankle”. Cosmic rays above the
ankle are known as “ultra-high-energy cosmic rays” (UHECRSs) and are suspected to be extra-
galactic in origin [58]. Recently, cosmic ray observatories including HiRes [40], Pierre Auger
[70] and the Telescope Array [81] have observed a suppression of the flux around E = 10'%%eV
(40 EeV). The abrupt cut-off of the spectrum is thought to be due to attenuation by photons the
cosmic microwave background through the Greisen-Zatespin-Kuzmin (GZK) effect with protons
or photo-disintegration of nuclei. Both effects become significant at these energies [35] [91].

2.1.2 Mass Composition

The mass or chemical composition of cosmic rays is of great importance in determining their
origins. Below 10'* eV cosmic rays can be measured directly by particle detectors on satellites
and high altitude balloons (some measurements are shown in figure 2.3). Their composition is
different from that of the solar system’s chemical distribution [58] containing a higher abundance
of heavier nuclei. Additionally low energy cosmic rays have an unusually high abundance of rare
nuclei such as lithium, beryllium and boron due through collisions with the interstellar medium,
a process known as spallation.

At high particle energies E > 10 eV the cosmic ray flux becomes too low for direct detection of
the primary, so mass composition must be inferred from air shower features. The usual parameter
used in mass reconstruction is depth of the shower maximum X,,,;, the depth at which shower
particles fall below the energy threshold for pair production and lose energy to ionization. X,,qz
is proportional to the log of the primary’s energy before its first interaction Ey, divided by its
mass number A:

KXmaz x In(Ey/A) (2.3)

The reason for this is that a multi-nucleon cosmic ray will disintegrate into its constituent
nucleons upon first interaction, each of which will initiate parallel particle showers which dissipate
sooner as each of them has an energy of Ey/A on average. The evolution of X,,,, with energy is
called the elongation-rate, which can be used to observe changes in cosmic ray mass composition
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Figure 2.3: Mass composition of low energy (E < 10 eV) cosmic rays from various satellite and
balloon detectors, plot created by P. Boyle and D. Muller [16].

with energy. The measured elongation rate by Pierre Auger is consistent with a mixed mass
composition with heavier composition at higher energies, in contrast to previous expectations of
a pure proton composition [73]. Additionally the number of muons in the shower is dependent
of the primary’s mass, such that measurements of muon flux at ground level can be used in mass
composition analysis.

2.1.3 Production Mechanisms

Any cohesive theory of cosmic ray acceleration must explain the mass composition and spectrum
of cosmic rays across different energy regimes. The Fermi mechanism predicts the inverse power-
law feature of the cosmic ray energy spectrum from particle acceleration in magnetized clouds.
Interstellar space is permeated with turbulent clouds of plasma and their associated magnetic
fields. These magnetized clouds have random velocities of v ~ 15ms™! [16] and charged particles
interacting with these clouds would be scattered and gain energy on average, since head on
collisions are more likely tail-on collisions [30]. The power law spectrum can easily be derived
from the Fermi Mechanism: the mean fractional gain AE = fFEy in energy per interaction is
proportional to the original energy Fjy, so after n collisions we find:

E, = Bo(1+ f)" (2.4)

In real world cosmic ray acceleration the Fermi mechanism is usually amplified by additional
processes that lead to more efficient particle acceleration. A notable example is shock accel-
eration from the ejecta of supernovae (see chapter [4) which can account for most cosmic ray
acceleration below 10 eV [30]. Other accelerator environments include turbulent interstellar
media, pulsar wind nebulae, radio lobes of active galaxies and active galactic nuclei (AGN).
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Supernova Remnants are thought to be the source of most galactic cosmic rays as is suggested
by observations of TeV ~-rays [86]. Above the ankle, where the extra-galactic flux dominates,
the situation is unclear. Studies by the Pierre Auger Collaboration [71] found a correlation of
ultra-high energy events with AGN, a result in slight tension with the heavy mass composition
indicated by the elongation rate. However subsequent measurements found this result to be less
significantas more data was obtained [22].

The accelerating power of cosmic ray accelerators is dependent on their size L and their magnetic
field strength B. Pulsars are small sources (L ~ 10 km) with intense magnetic fields B ~ 102 G,
whilst the radio lobes of galaxies are very large but have weaker magnetic fields. A source of
cosmic rays cannot accelerate a particle with a gyro-radius r;, greater than L. Using the Fermi

mechanism the maximum energy F,,.. of cosmic rays generated by a source is given by Hillas

relation [39]

Fnie _ 07 B L s
EeV 2 uGkpe ’

where [ is the shock wave velocity in units of the speed of light ¢ and Z is the atomic number of
the cosmic ray. Different types of sources can be shown graphically with the Hillas plot (figure
2.4), which displays the size (x-axis) and magnetic field strength (y-axis).
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Figure 2.4: In the Hillas plot the range of possible sizes (x-axis) and B field strengths (y-axis) of
possible cosmic ray accelerators is shaded with colours [39]. Compact but magnetically intense
sources (i.e. neutron stars) are shown in the upper left, while enormous sources with weak fields
(galactic halo) are shown in the bottom right.

2.1.4 Propagation

Cosmic rays are subject to electric and magnetic forces as they propagate through space making
directional astronomy difficult except perhaps at the higest energies [T1]. Galactic and inter-
galactic space is permeated with magnetic fields which perturb the trajectories of cosmic rays in
an unpredictable manner, destroying origin information. Spallation at low energies suggest that
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low energy cosmic rays travel many galactic radii without leaving the galaxy and the arrival di-
rections detected on Earth are largely isotropic. If cosmic rays are indeed originating from point
sources, then at high energies it might be possible to measure anisotropy in arrival directions.

A measure of the ability of magnetic fields to change cosmic ray trajectories is the magnetic

rigidity (p) of cosmic rays [16]
_ pe

p= Ze [V] = Brgyro (2'6)

_r__E

e = B T ZeB
where B is the magnetic field, p is the cosmic ray momentum, Z is the atomic number and
Teyro is the cosmic ray’s gyro-radius. In intergalactic space magnetic fields are small (B ~ nG),
so protons at E = 10%! eV travel in nearly straight lines across local cosmological distances
(D < 100 Mpc). In addition to experiencing deflection from magnetic fields, the propagation of
extra-galactic cosmic rays is limited by attenuation from radiation fields, most importantly by
the ubiquitous cosmic microwave background. In the rest frame of an ultra-high-energy proton,
the photons of the CMB are blue-shifted to be above the energy threshold for pion production,
allowing the following reactions:

(2.7)

p+you =+t (2.8)
p+ycmB = p+ 7’ (2.9)

In the former case the pions generated will decay into neutrinos which should be detectable on
Earth with current observatories whilst in the latter, photons are produced which soon cascade to
lower energies. On average 20 % of the original proton energy is lost in the interaction [16], leaving
the proton more susceptible to magnetic fields. Heavy cosmic rays are photo-disintegrated by
the blue-shift CMB, and the energy of ultra high energy cosmic rays dissipates at large distances
(~ 100 Mpc).

2.2 Neutrinos

High energy neutrinos are thought to be the by-products of cosmic rays (although alternative
models exist), generated in the collisions of cosmic rays with ambient radiation and gas clouds in
their production regions or in other environments. These include the Earth’s atmosphere where
they produce the atmospheric neutrino background observed by IceCube (see chapter |3)).

For proton cosmic rays, neutrinos are produced in charged pion decays resulting from p-p and
p-7 collisions. In the former, one or more charged pions are emitted which subsequently decay
into muons and muon-neutrinos:

o ® (o) (2.10)

p+p—m
The muon then decays into an electron (or positron) and electron-neutrino (or its anti-particle):
W5+ va(Va) = €+ () + ve(Te) + (V) (2.11)

which leaves a final flavour ratio of 1:2:0. For p-v collisions a similar cycle of decay follows:

pty—n+nt spt+y,set v ety (2.12)

leading to identical flavour ratios. In both cases the produced lepton (muon or electron) will un-
dergo interactions in the environment which may produce electromagnetic radiation (see section
2.3) that can be observed as evidence of cosmic ray acceleration. Note that both interactions

16



can also produce neutral pions which in turn decay to y-ray photons (Also discussed in section
2.3).
p+p—a’— 2y (2.13)

p+y—=p+a’—=p+2y (2.14)

This simple model of neutrino production holds assuming some level of reactant protons and lack
of pion-interactions within the decay time. The latter assumption depends on the interaction
environment. The pion-proton cross section is oy, ~ 0.142mb (or 1.42 x 10739 m~2) and its
mean life is ¢+ = 2.6 x 107% s. Even in relatively dense environments like the starburst regions
of a galaxy (i.e. py = 105m~3 in Arp 220 [67]), the interaction length I would be immense i.e.
(I ~ 23 Mpc in Arp 220) compared to the decay length (6.8 x 1073pc at E, .+ = 10?!eV) for even
the highest energy cosmic rays. This means that there is effectively no chance for interactions
within the pion life time in even the densest conceivable accelerator environments. However
in the Earth’s atmosphere, the pion interaction depth is A ~ 120gem~2 [62] and significant
pion interaction occurs within the decay life which effects the energy spectrum of atmospheric
neutrinos (discussed further in chapter [3)).

2.3 High Energy ~v-rays

As mentioned in section 2.2, high energy ~-rays are produced in neutral pion decays resulting
from cosmic ray collisions with target gas and photons. These are known as hadronic y-rays. Ad-
ditionally ~-rays are also created in leptonic processes; inverse-compton scattering, synchrotron
radiation and bremstrahlung scattering. All of these processes can be considered special cases
of Compton scattering, as bremstrahlung and synchrotron process can be thought of as the
scattering of an electron off of virtual photons.

2.3.1 Leptonic Production Mechanisms
Inverse Compton Scattering

Inverse Compton (IC) scattering is the scattering of a high energy electron off a low energy
photon. One can think of IC as simply as Lorentz boosted Compton scattering, where in most
experimental examples a high energy photon scatters off an electron bound in an orbital. IC
is also used to refer to ey interactions in environments with high radiation densities and lower
matter densities, like interstellar space, as opposed to low radiation densities and high matter
densities present under laboratory conditions on Earth. In this case high energy electrons up-
scatter ambient photons (such as from the infra-red stellar background) to high energies. The
power produced via IC is dependent on the energy density of the target photons U, and the
lorentz boost 7 between the rest frame of the electron and the observer [20]:

. 4
Eic = —gchcU,YﬁQ'y2 (2.15)

where o7 is the Thompson cross section, S is the electron velocity as a fraction of the speed of
light ¢ and + is the lorentz boost factor. This formula is derived by considering the interaction
of an electron with a photon field in the rest frame of the electron and lorentz shifting to the
observer frame.

Synchrotron Radiation

In presence of a magnetic field an electron will spiral along the lines of the field due to the induced
Lorentz force, emitting photons as it decelerates. The emitted radiation is called “cyclotron”
radiation. At relativistics energies (y = E./m.c? > 1) the radiation is amplified by relativistic
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beaming, and the radiation is described as “synchotron”. The process is often in competition
with IC to drain the energy of the target photon field, indeed the energy-loss formula are very
similar [20]:

. 4
Esynch = _§UTCU35272 (216)

where Up is the energy density of the magnetic field. The similarity between formulae [2.15]
and is no accident. Both describe the acceleration of an electron in the presence of an
electric field that it observes in its rest frame. Synchrotron radiation is emitted across a broad
range of frequencies from Radio to X-ray and ~-ray radiation. Observed synchrotron radiation is
indicative of strong magnetic fields, thus associated X-ray or radio emission is taken as evidence
of a magnetic field in the presence of a y-ray source.

Relativistic Bremsstrahlung

The bremsstrahlung (“braking radiation” in German) process involves the deceleration of an
electron in the presence of an electric field, in this case the field in the presence of an atomic
nucleus. The energy loss rate for electrons in the presence of some atomic/ionic gas of density
ny [20] is:

nzZ(Z+13)e8 183 1
1 - 2.17
8m2hejctm? [ 1Q(Zl/?’) * 8] (2.17)

Ebrems = _Ee

It is usually difficult to infer which of these mechanisms, leptonic or hadronic, produces y-ray
emission in a given source and is the subject of much study. For example synchrotron radiation
is produced across the electromagnetic spectrum, so coincident X-ray emission in a v-ray source
may be taken as evidence of leptonic emission. Finding the y-ray production mechanism is crucial
in the search for astrophysical neutrinos.

2.4 Detection Methods

The detection methods for high energy cosmic rays, y-rays and neutrinos share similarities. Most
methods involve a massive but transparent target medium, such as the atmosphere, a large body
of water or ice. High energy particles react in this medium and emit electromagnetic radiation
they can be measured over a larger area. A brief summary of these methods is made in this
section.

2.4.1 Extensive Air-Showers

Cosmic rays entering the Earth’s atmosphere will interact with nuclei in air molecules producing
secondary charged particles which themselves undergo interactions that generate more particles
leading to an extensive air shower (EAS). The EAS can be divided into three distinct components:
the hadronic core, the muonic shower and the electromagnetic shower. The process of the reaction
is similar across the mass range; if the primary has mass number A > 1 the first reaction
disintegrates the nucleus into its constituent nucleons all of which will undergo interactions
similar to a proton primary, just at a smaller interaction depth due to the larger cross-section.
For a proton primary the interaction with an air nucleus initiates a hadronic shower as various
different mesons are produced.

p+N =T +r0O+75 470 = (2.18)

The mesons themselves may interact with the surrounding air before they decay producing more
mesons. The charged mesons decay into muons and neutrinos creating the muonic component,
whilst neutral mesons decay into photons. A given photon will pair produce a positron and
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Figure 2.5: A diagram describing the chain of particle production in electromagnetic (a) and
hadronic air-showers (b) [62].

electron, each of which produce an additional photon via the bremsstrahlung process (see section
2.3.1), which in turn pair produce and so on.

yoet+e set+e +2yset +e  +2x (e +e7) — ... (2.19)

See figure for a graphical description of electromagnetic and hadronic showers in the Heitler
model. Each step doubles the numbers of particles per interaction depth A until the individual
particle energy falls below the threshold for losses due to ionization [62] dissipating the elec-
tromagnetic shower. Air shower neutrinos are the source of the atmospheric neutrino flux (see
chapters|l|and |3)) which along with muons are the source of the background measured by neutrino
observatories such as IceCube.

At energies greater than 10'* eV the cosmic ray flux is too low for primary cosmic rays to
be detected directly by satellites or high altitude balloons, instead ground based detectors mea-
sure the air shower and reconstruct the cosmic ray properties from features of the air shower.
Cosmic ray observatories utilize optical telescopes which measure fluorescent light or surface
based particle detectors which measure the secondary particles at a given altitude. A hybrid
method combining fluorescence detection and surface detection is employed by the Pierre Auger
Observatory in Argentina and the Telescope Array in the United States.

High energy ~-rays entering the Earth’s atmosphere will initiate a similar shower of particle
through pair-production in proximity of an atmospheric nucleus, with an electromagnetic air
shower forming as described by the Heitler model. Air showers initiated by ~-ray photons can be
distinguished from cosmic-ray air showers by their lack of a muonic or hadronic component and
typically are initiated at lower depths than cosmic rays at the same energy. Secondary particles
can be measured at a given elevation to reconstruct the properties: energy and arrival direction
of the primary «-ray. This approach is used by the HAWC observatory in Mexico.

2.4.2 Cherenkov Radiation

The air-showers induced by cosmic rays and «-rays in the atmosphere produce many trillions of
high energy charged particles travelling at speeds very close to the speed of light ¢ in a vacuum.
However these particles travel through media: air, water or ice where the effective speed of light
is reduced from ¢ by a factor n, the refractive index. The refractive index in air is 1.003, 1.33
for water and 1.309 for ice, meaning that light travels at 0.997¢ in air, 0.75¢ in water and 0.76¢
in ice, values that can easily be exceeded by air shower particles.
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Figure 2.6: The Cherenkov light cone following in the wake of a high speed charged particle.

When a charged particle travels through a dielectric material, the particle’s electric field po-
larizes the molecules in the medium. If the particle is travelling slowly through the medium, the
molecules depolarize and the material returns to its equilibrium state. However if the particle is
travelling faster than the response speed of the medium given by ¢/n, there is not enough time
for the molecules to depolarize as the particle passes through. This disturbance remains in the
the medium, and the material releases the stored energy as a coherent shock wave of light. The
shock front of light trails behind the initiating particle as cone described by the critical angle 6.
This effect can be described as the photonic equivalent of a sonic boom when an object travels
faster than the speed of sound. For particles moving very close to ¢, the critical angle is given

by:
cos(0,) = - (2.20)

n

For denser media, 6. is more compact and the cone is more compact and directional. The effect
scales up for large numbers of charged particles travelling at v > ¢/n, where their Cherenkov
cones combine to form a collective light cone that reaches the surface in a pool of light. High
energy 7y-ray observatories such as H.E.S.S, MAGIC and VERITAS use Cherenkov emission from
electromagnetic air-showers to detect photons at TeV scale energies.

2.4.3 Neutrino Detection

Neutrino interactions with matter are far rarer than for cosmic rays or y-rays. To detect neutri-
nos, the detector volume must be sufficiently large that a sufficient number of neutrinos interact
within. Neutrino detectors are typically built in water or in ice, materials which are both dense
and transparent to light and have refractive indices that allow for the detection of Cherenkov
emission.

Neutrinos interact with an atomic nucleus in the water molecules through a charged-current
interaction, where it produces its corresponding charged partner (e, p or 7) which will initi-
ate an electromagnetic shower and produce a cone of Cherenkov light. The propagation of the
Cherenkov light differs between liquid water and ice. Liquid water has a higher absorption co-
efficient than ice, so the light propagates over a shorter distance. Cherenkov photons travelling
through ice are subject to Mie scattering, so coherent light from a Cherenkov cone is scattered
and diffuses through ice at a slower rate, travelling a greater distance compared to liquid water.
The pattern of the Cherenkov emission measured in a detector can be used to reconstruct the
energy and direction of the lepton. Since these interactions necessarily occur at high energies,
there will be very little change between the trajectory of the neutrino and its successor lepton
due to Lorentz boosting. Thus reconstructing the lepton properties goes a long way towards
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inferring the properties of the neutrino. This issue is illuminated in the following chapter when
discussing neutrino reconstruction methods employed by the IceCube Neutrino Observatory.

2.5 Summary

High energy astrophysics allows us to explore some of the most energetic and violent processes
in the Universe. However each of the messenger particles considered; cosmic rays, vy-rays and
neutrinos come with their own advantages and problems from this perspective. Cosmic rays are
subjected to Lorentz forces from magnetic fields along their travel paths, so cosmic rays measured
at Earth will not point back to their sources except for the special case of protons at energies
above that expected for the GZK limit. High energy v-rays travel in straight lines but may be
absorbed by interstellar gas and radiation fields. These effects are proportional to energy, so the
effective horizon for 7-rays decreases with energy. Additionally the abundance of hadronic and
leptonic mechanisms for y-ray production makes it difficult to infer cosmic ray acceleration at a
~-ray source.

Neutrinos are neutral and weakly interacting, so experience neither deflection nor absorption,
but the latter property makes them difficult to detect in useful numbers for astronomy. Con-
sequently neutrino detectors must have very large ficudial volumes to detect large numbers of
neutrinos. An observation of significant coincident «-ray and neutrino emission from the same
location in space would be very strong evidence for the presence of cosmic ray acceleration, but
to date, none have been observed.
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Chapter 3

IceCube Neutrino Observatory

3.1 Overview

The IceCube Neutrino Observatory is a gigaton scale neutrino detector located at the geographic
South Pole in Antarctica adjacent to the Amundsen-Scott South Pole Station. The primary goal
of the experiment is to identify high energy astrophysical neutrinos and investigate their origins.
However the detector is also at the forefront in the study of neutrino oscillations, the mass hi-
erarchy problem, searches for extra-Standard Model particles including Dark Matter and Sterile
Neutrinos and mapping of the Earth’s density profile. This chapter looks at the design and
operation of the detector as well as efforts to identify astrophysical neutrinos and trace their
origins to point sources.

3.2 Design

The detector utilises a cubic kilometre of glacial ice as an enormous target volume for neutri-
nos and the optical properties of the ice are ideal for detection of the induced Cherenkov light.
The detector is an array of 5600 digital optical modules (DOMs) deployed along 86 strings over
a depth of 1.5 km to 2.5 km below the surface of the ice shelf [7]. The ice at this depth is
some of the purest in the world and highly transparent to Cherenkov photons (absorption length
D,ps ~ 200m). The depth of the detector serves to reduce the background muon rate from cos-
mic ray air-showers. Along each string the DOMs are separated by 17 metres and neighbouring
strings are separated by 125 metres. The DOMs absorb incoming Cherenkov photons, converting
the energy into an electric current. The signals are transmitted via the strings to be processed
and stored as data at the IceCube Laboratory (ICL) at the surface. IceCube was built around
its predecessor the Antarctic Muon and Neutrino Detection Array (AMANDA) which operated
during the late 1990s and early 2000s. Construction on IceCube began in January 2005 with the
deployment of the first string and was completed in December of 2010. AMANDA was enveloped
within the corner of IceCube and was switched off in 2009. The role of AMANDA was superseded
by the in-fill DeepCore array which has a DOM to DOM spacing of 10 metres, allowing it to be
sensitive to lower energy neutrinos F ~ 10GeV [12]. There are no DeepCore DOMs between
1850 and 2107 metres of depth, due to the presence of a dust layer which scatters Cherenkov
light. See figure for a schematic diagram of the IceCube observatory.

IceTop is a complementary detector on the surface of the ice sheet directly above the Ice-
Cube array. IceTop is made of 162 frozen water tanks [44], each containing two DOMs which
measure Cherenkov light in the same way as the rest of the detector. IceTop can measure cosmic
ray air-showers in a similar fashion to the surface detector of the Pierre Auger Observatory.
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Figure 3.1: A schematic diagram of the IceCube Neutrino Observatory, with the in-ice IceCube
array, IceTop and DeepCore displayed [7]. The Eiffel Tower is shown for scale.

IceTop provides a useful cross-check on the origins of events measured in the array. If a muon
enters the array from outside and at the same time IceTop measures an air-shower one can as-
sume the muon is formed from the air-shower and not from an astrophysical neutrino. On the
other hand if the muon begins inside the in-ice array, one can be confident that it was produced
by an interacting neutrino.

3.2.1 Digital Optical Modules (DOM:s)

Each of the 5600 in-ice DOMs contain a large photo-multiplier tube (PMT) in the lower hemi-
sphere connected to a printer circuit board potted in a clear glass sphere 330 millimetres in
diameter, insulated with a transparent silicon gel [66] (see figure . A cable running from the
upper hemisphere connects the device to the power source and electronic controls in the ICL.

The PMTs contain a negatively charged photo-cathode, a series of 10 dynodes of progres-
sively higher potential and a positively charged anode. When the photo-cathode is struck by a
Cherenkov photon the energy releases an electron from the cathode material. This photo-electron
(PE) is accelerated by the electric field towards the first dynode. When the electron strikes the
dynode, the energy it has gained causes multiple electrons to be ejected from the first dynode
towards the second. These secondary electrons gain more energy as they accelerated towards
the second dynode at higher potential, releasing more electrons upon collisions. The process
repeats until a very large number of electrons arrives at the anode. The number of generated
electrons depends on the potential difference between the cathode and anode. For an IceCube
PMT the potential difference is V' ~ 1300 V, resulting in a gain of 107. In other words the initial
photo-electron eventually produces around 107 electrons at the anode, resulting in a powerful
signal.

23



Cable Penetrator Assembly

S

PMT High Voltage Base Board

High Vollage Generator &
Digital Control Assembly .

Mu-Metal Magnetic - i ___— Main Board
Shield Cage i i=

Glass Pressure
Sphere

PMT

Figure 3.2: (3.2(a))) A photograph of a DOM from the University of Wisconsin-Madison Physical
Sciences Lab [66]. [3.2 schematic diagram of an IceCube DOM [45].

The arriving electrons at the anode are measured as a current proportional to the intensity
of the Cherenkov light. The distribution of the current over time is described by the DOM’s
waveform. By combining the waveforms from multiple DOMs for a single neutrino event, the
direction, energy and flavour of the primary neutrino (or muon) can be reconstructed. This is
achieved through numerical methods, whereby the waveforms across DOMs are predicted before-
hand for a given set of particle parameters through simulations accounting for ice properties and
other factors. A likelihood function is maximized until the input parameters of the simulation
match with the observed DOM waveforms, a process known as event reconstruction.

Data Acquisition (DAQ)

Before the DOM’s signal can be used for event reconstruction it must be determined what pro-
portion of it is genuine signal and how much is simply background noise. Since current can also
be present in the PMT without any input photons, the waveform must be calibrated to remove
as much background noise as possible. When current is generated, the increase in voltage is
registered as a digital signal. The digital signal is sampled via four channels on the PMT cir-
cuit board: three for the Analogue Transient Waveform Digitizer (ATWD) and one for the flash
Analogue to Digital Converter (fADC or ADC). The ATWD had a sample rate of 300 MHz, or a
sample interval of 3.3 ns. Each ATWD has ten-bit resolution, meaning each will record a digital
voltage as an integer between 0 and 1024 (2!°). The ATWD conducts 128 measurements over
a total sample time of 422 ns. Faint signals will only activate one or two channels. If either
channel exceeds the digitized value of 768, the third channel is activated.

The ATWD typically measures the first arriving Cherenkov light, triggered when the incom-
ing charge exceeds 0.3 PE at the cathode. The light could be direct from a nearby muon, or it
could have been produced earlier in the track and was scattered. The signal from late arriving
photons is measured using the fADC with a slower sampling rate of 40 MHz, or a sampling
interval of 25 ns. This digitizer makes 256 measurements, resulting in a longer measuring time of
6.4 us, allowing it to record broader waveforms [37]. The signal from the four channels is called
the raw data. The raw data is fed into a wave calibrator where the count integers are converted
into a signal measured in mV (see figure for illustrated waveform in both digitizers). Each
channel has a non-zero baseline voltage which is subtracted by the wave calibrator. Each count
in the fADC corresponds to a known voltage gain. The baseline subtracted counts are multiplied
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Figure 3.3: An example signal measured by ATWD (top) measured over 427 ns and fADC (bot-
tom) over 6.4 us. Events are reconstructed from the distribution of charge over time (waveform).
7

by the gain to produce the corresponding voltage.

The timing of the new waveform must be corrected to allow for the delay from the time taken
for the signal to propagate through the PMT. The waveforms are then corrected for the “droop”
in the DOM’s transformer. The transformer acts as a high pass filter which attenuates the wave-
form following the first peak, lowering the peak from its true value. This is compensated for by
adding voltage at each point of the waveform. Finally the three ATWD waveforms are averaged
into the overall ATWD waveform for the DOM.

After calibration, the waveform is analysed by a feature extractor which searches for strong
peaks (pulses) above the noise. The feature extractor searches for a local maximum at each time
along the waveform. The slope leading up to the maximum is used to extrapolate a line down
to the baseline noise. The point at which this line intersects the baseline is taken as the start-
ing time of the pulse. The voltage per bin is summed up from the start time until the voltage
falls below the baseline or until it starts to rise again signalling the beginning of another pulse.
The sum determines the number of photoelectrons present in the pulse which defines the pulse’s
charge. The pulse width is simply defined by the time difference between the start and the end
of the pulse. The pulse series across multiple DOMs is then used to reconstruct the particle
parameters.

3.2.2 IceCube-Gen2 and PINGU

IceCube-Gen2 is a next generation neutrino detector proposed as an extension to the existing
IceCube observatory. It would extend the instrumented volume to ~ 10 km? (see figure , with
a string to string distance of 240 metres, although 300 metres has also been proposed [46], and
next generation DOMs with higher quantum efficiencies. IceTop would also be complemented
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Figure 3.4: The proposed layout of IceCube-Gen2, existing detector volume highlighted in red
with DeepCore in-fill in green and the extension in blue.

by an extended array of 6.7 km in radius, increasing air-shower detection and veto ability [83].
The increased measuring volume would increase overall event statistics and increase the detec-
tor’s sensitivity to the diffuse flux and point sources as well as extend the maximum energy of
measured events.

Additionally, an additional string containing 60 DOMSs spaced apart by 5 metres would be embed-
ded within DeepCore to increase the detector’s sensitivity to lower energy events. This proposed
experiment: the Precision IceCube Next Generation Upgrade (PINGU) would provide the largest
effective area for detection of GeV energy neutrinos and would be used to constrain neutrino
mixing parameters.

3.3 Detection

IceCube measures Cherenkov light induced by charged decay products of neutrinos and cosmic
ray muons. Passing neutrinos undergo deep-inelastic scattering with atomic nuclei in the ice or
rock in the detector vicinity. The signature of the events is defined by the Cherenkov emission
morphology; the main two event types are “cascades” and “tracks”. Cascades are caused by
CC scattering by v, and v; and NC interactions of all flavours. Tracks are caused by v, CC-
scattering, in which the primary decays into a muon which may propagate for several kilometres,
emitting a cone of Cherenkov light along the way.

A third of interactions are NC-scattering in which a third of the neutrino kinetic energy in
transferred to a quark in the nucleus, triggering a hadronic particle shower propagating over
5 m. If the vertex is contained within the detector the DOMs can measure the Cherenkov light.
The remaining two thirds of the interactions are CC, in which the neutrino is converted to lepton
of the same flavour while still losing energy to the nucleus.

The ability to reconstruct the vertex position, energy and direction relies crucially on the flavour.
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An electron will induce a short range EM shower, whose energy can typically be reconstructed
to % ~ 0.1 at F > 10TeV. Reconstructing the direction comes with fitting the spatial and
temporal profile of the photons to a template of the angular emission profile. The scattering

length of Cherenkov-photons in the ice limits angular resolution to o ~ 10°.

Muons have a rest mass 200 larger than electrons and thus do not experience as much Coulombic
scattering and are able to traverse many kilometres of ice. The Cherenkov emission is not usually
contained within the detector, which complicates energy reconstruction. The muon follows the
trajectory of the original neutrino and as such it is relatively easy to find the vertex of the the
muon’s travel path. Thus track events have relatively good angular resolution with an average
value o ~ 0.7°. Tau-neutrinos decay into tau particles (or tauons) initiating a cascade shower in
the process. The tau particle is short-lived with a decay time of gecay = 2.9 X 10713 seconds in
the particle rest frame and thus will decay after travelling a relatively short distance, producing
a secondary cascade of particles and flash of Cherenkov light. This is known as a “double bang”
event. A tau particle requires 20 TeV of energy for every metre travelled and since DOMs are
at least 17 metres apart, “double bang” events are only distinguishable from v,-cascades at PeV
scale energies. At the time of writing none have been identified.

3.4 Results

3.4.1 Diffuse Astrophysical Flux

Observations of neutrinos by IceCube began in 2008 while the detector was still under construc-
tion. Weak indications of an astrophysical flux of muon neutrinos exceeding the Waxman-Bahcall
upper bound was found in the 59-string configuration [82]. By 2012 two PeV energy events had
been measured in addition to twenty-six events that started in the detector with energies in
excess of 30 TeV. This was in excess of the predictions of the atmospheric background at a 40
confidence level, marking the discovery of astrophysical neutrinos [41]. After an additional year
of observations, the astrophysical flux was fitted to E2®,(E) = 1078GeVem 25~ 'sr~! per flavour
at energies between 100 TeV to 100 PeV [§], ruling out an atmospheric-only hypothesis at 5.70
confidence (see figure . The latter two discoveries were made by selecting for high energy
“starting events”: events where the neutrino interaction took place within the detector leading
to a particle cascade and Cherenkov flash that started inside the detector. Starting events are
distinguished using the boundary of the detector as a veto against events initiated outside the
detector.

High Energy Starting Events (HESE)

In order to isolate in-detector starting events we use a volume veto. Starting events can be
distinguished from incoming muons via the veto where we exclude photons coming before the
event vertex . The event is rejected if photons arrive before the vertex time on the outermost
layer of the detector. This reduces the number of air-shower muons in the sample to a level far
below that of atmospheric neutrinos before additional cuts are placed on the latter. Atmospheric
neutrinos can be removed from the sample using an energy cut (around 50 TeV). For very
bright events with thousands of photons, the outer layer veto is sufficient to reduce the muon
background. But at lower energies the muon rate increases rapidly making the outer layer veto
method an untenable filter.

Medium Energy Starting Events (MESE)

To lower the energy thresholds the first modification is to remove the requirement that the veto
photons are detected on the outermost layer of DOMs and in local coincidence (two photons
detected at once). The second modification is that the photons are used as a veto if they
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Figure 3.5: The distribution of deposited energy from atmospheric muons and neutrinos and
the best fit of the signal component for I' = 2 and I" = 2.3 (the best fit spectral index to the
data)[8]. The distributions account for the HESE veto. The data shows a clear excess above
what is expected from atmospheric neutrinos and muons at £ 2 100 TeV.

are associated with part of an incoming track not containing the vertex. Some proportion
of the volume is used as a veto volume to reconstruct the potential incoming tracks and the
remainder for reconstruction of starting events. As the ratio of veto volume to detector volume
increases the minimum threshold energy is reduced as the correspondingly higher flux of muons
can be more efficiently excluded. The detector volume reduces from everything inside the HESE
veto layer progressively down in steps until containing the in-fill DeepCore, with the remainder
of the detector used for vetoes (see figure . This method allows the threshold energy to
reduce to 1 TeV for astrophysical neutrino searches [10]. Using MESE the flux was constrained
to ®,(E) = 2.06703 x 10718(E/10°GeV)~246+012) GeV~lem ™25 !sr~! for an energy range of
25TeV < E < 1.4PeV. Prompt emission was limited to 1.52 times the level predicted by theory

[43].

Up-going diffuse sample

An alternative method of removing atmospheric muons is to restrict the event sample to events ar-
riving below the horizon (§ > —5°) using the Earth to remove atmospheric muons through absorp-
tion. An analysis looked for evidence for an astrophysical flux in track events from the northern
sky from the first 659.5 days of data [6] with ~ 300,000 events present. The majority of the muons
in this sample (~ 99.9%) were generated by atmospheric muon-neutrinos but an exclusive terres-
trial origin from air-showers was rejected at 3.7¢ confidence (see figure . The astrophysical
component to the flux was fitted to ®,, (E) = 9.9733 x 10719(E/10° GeV) 2GeVtem 2 s !
[6]. This corresponds to ~ 318 tracks of extra-terrestrial origin in the sample. The majority
of these tracks were from CC-interactions of astrophysical muon-neutrinos but a minority may
originate from tau-neutrinos producing taus which subsequently decay into muons.
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Figure 3.8: A likelihood map showing the likelihood that an excess of events at a particular
location in the sky corresponds to a fluctuation from the diffuse background [43] [3]. No significant
excess is observed in any direction.

3.4.2 Point Source Searches

Since the discovery of extra-terrestrial neutrinos, efforts have been under way to determine their
origins by attempting to trace their arrival directions to distant point sources and checking for
cross-correlations with the locations of likely electromagnetic counterparts. The initial discovery
was made using a sample dominated by cascades, whose relatively poor angular resolution made
point source analyses difficult.

The most conventional point source analysis involves searching for an excess of events at a
given location x above that expected for a diffuse background. The most significant excess is
considered the most likely location of a single point source that produces a certain number of
events, or a certain fraction of the overall neutrino flux. This is achieved by finding the maximum
value of a likelihood function L£(Z,0) of the set of event positions Z over a parameter (6) space
of possible positions of the point source 4. and signal strengths (measured with the number of
signal events ng):

Ns

NS(J?STC —x;)+1-— —SB(:Bl)] (3.1)

L(Z,0) = L(Z, xspe,ns) = H[ N

=1

ns is the number of events originating from the point source, N is the total number of events
in the analysed sample, S(x) is the signal probability density (PDF) as a function of the event
coordinates x and B(z) is the background probability density function. The form of the signal
PDF depends on the form of the analysis, but is usually described by a two-dimensional Gaussian
peaking at zs.. (for the case of a single point source). The background PDF can be estimated
from simulations of the diffuse component of the flux, or simply by scrambling the azimuthal
coordinates of the real data. In the case of a flat background across the sky we simply set the
background to B = 1/4w. The narrow angular resolution of tracks means that clustering of
tracks is considered far more significant than for cascades and more evident of a point source.
Neutrino energy is often used as a parameter in these searches, since astrophysical events have
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Figure 3.9: The flux upper limits for various point source scenarios shown as a function of
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a different energy distribution to atmospheric events. Thus the up-going diffuse sample is the
most useful from the point of view of point sources, and thus a higher sensitivity to point sources
exists for events from the northern hemisphere.

An alternative method involves searching for a correlation between neutrino arrival directions
and the positions of objects likely to produce neutrinos under some astrophysical model. Instead
of scanning for the most likely position based on the neutrino data, source positions are fixed
and the overall signal PDF is the combination of point spread functions (PSFs) defined by the
position of the sources. This is known as a stacked point source analysis. For a summary of
point source methods and a derivation of the point source likelihood function see chapter

As of the time of writing no significant hotspots suggestive of a source have been observed
in any of the neutrino samples despite extensive analyses (see figure . Instead upper-limits
have been placed on the point source fluxes (see figure across the sky, from E%2d®,(E)/dE ~
3 x 107! TeVem 25! near the south celestial pole to E2d®,(E)/dE ~ 2 x 10712 TeVem 251
near the equator [3]. The most extensive stacked analysis, looking at blazars, have limited their
contribution to the neutrino flux to less than 27 % [5]. The lack of an observed point source
has been used to limit the the strengths and densities of different classes of possible sources [64],
with some types of radio galaxies, Seyfert galaxies and star-forming galaxies compatible for point
source limits and the observed diffuse flux. See Section 4.2 for a more detailed discussion.

3.4.3 Flavour Spectrum

The flavour composition of astrophysical neutrinos contains information about their production
mechanism at their sources. Different production scenarios lead to different original flavour
ratios which will lead to a specific flavour ratio at Earth due to neutrino oscillations. In particular
charged pion decay from cosmic ray interactions leads to a (ve:v,,v7) = (1:2:0) ratio at the source,
which evolves into an even ratio (1:1:1) over the great distances traversed towards the Earth [87].
Because analyses can only distinguish between two event morphologies; cascade and track, the
flavour composition cannot be measured directly and there is a strong degeneracy in the inference
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Figure 3.10: The best fit of the high energy neutrino (£ > 35TeV) flavour ratio ve:w,:v; at
Earth as depicted using a flavour triangle. The 68 % confidence region includes the 1:2:0 (at
source) — 1:1:1 (at Earth) scenario which is consistent with pp and p7y collision scenarios. Pure
electron-neutrino composition at source is excluded at more than 20 confidence [43].

of the ratio. It is not possible to discriminate between NC and CC neutrino interactions in the ice
and the event morphologies are identical between neutrinos and their anti-neutrino counterparts
of the same flavour. Cascades are consistent with v, and v, scenarios, with the degeneracy only
broken by the energy lost to 7-decay in the latter and the lack of observation of the Glashow
resonance of 7, [68]. The future observation of a double-bang signature of tau-neutrino at multi-
PeV energies may help resolve this situation. Current constraints on the flavour composition are
consistent with a cosmic-ray origin, but it is not the only possibility. The distribution of possible
at-source flavour compositions is displayed with a “flavour triangle” shown in figure [3.10

3.5 Summary

The IceCube Neutrino Observatory has observed a diffuse astrophysical neutrino flux at E2® ~
1078GeVem 257 tsr=! [41] [6] [43] with a spectral index of I' = —2.2, with fairly consistent
results between the starting event analyses and the up-going muon analysis (see figures [3.11(a)|
and . This marks the first detection of steady neutrino emission from beyond the solar
system. No significant point sources have been observed in directional analyses and no significant
correlation with catalogues of potential sources have been found. Instead, upper limits have been
established on the brightest point source, ranging from 3 x 107" TeVem™2s~! in the southern
sky to 2 x 1072, TeVem 25! at the equator [4]. These results have been used to constrain
different classes of galaxies and other objects as neutrino sources. The flavour composition of
the astrophysical sample is consistent with the (1:2:0) at-source ratio expected for cosmic ray
acceleration. A major expansion to the detector volume would greatly increase event statistics.
This combined with more sensitive point source analyses may reveal sources of cosmic neutrinos

[46].
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Figure 3.11: (a) The likelihood profile for the up-going astrophysical flux normalization and
spectral index above 100 TeV, with the best fit for starting event analyses (HESE, MESE,
LESE) shown with a diamond, upside-down triangle and right-side up triangle respectively, and
the best fit for up-going muons shown with a circle and a square for the case of v = —2 [43].
(b) The energy flux 95 % CL range of the starting analyses (highlighted in red) and the 6 year
up-going muon sample (highlighted in green).
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Chapter 4

Astrophysical Neutrino Sources

As described in the previous chapters astrophysical neutrinos are expected to be produced by
cosmic ray interactions, either near the cosmic ray accelerator sites or in regions of high gas
and radiation density nearby. The various proposed cosmic sources of neutrinos are discussed in
this chapter. Note that “galactic” sources refer to objects considered within a given galaxy (not
necessarily the Milky Way) while “extra-galactic” sources belong to specific classes of galaxies
and necessarily exist outside of the Milky Way. The measurement of the astrophysical diffuse
flux and upper-limits placed on point source strengths can be used to limit the permitted space
of source luminosities and abundances (or densities). However estimating neutrino luminosity
per source is highly model dependent. We expect that neutrino luminosity should scale with -
ray luminosity, but this depends on the hadronic fraction of the «-ray emission which is usually
unknown. The situation is worse when no ~-ray emission is detected, due to possible source
attenuation. Nevertheless, constraints on source strengths and abundances are summarized in

figure

4.1 Galactic Sources

The measured cosmic ray luminosity inside the Milky Way implies some level of neutrino emission
is expected. In particular neutrino production is expected from second order Fermi acceleration
in galactic supernova remnants and from the occasional gamma-ray burst (GRB). So far no
galactic excess is observed but may become visible with increased data [43].

4.1.1 Supernova Remnants

A supernova is an enormous explosion of a massive star marking the final stage of the star’s
evolution. Supernovae release an enormous amount of energy on the order of £ ~ 10° erg
or 10** J and are an important driver of many astrophysical processes, including cosmic ray
acceleration and star-formation. Type Ia Supernovae occur exclusively in binary systems with
a white dwarf accreting matter from its companion star. At the point when the white dwarf’s
mass exceeds the Chandrasekahr limit (M p > 1.3Mg) the gravitational pressure exceeds the
electron-degeneracy pressure holding up the star and the white dwarf rapidly contracts to nuclear
density forming a neutron star. The released energy radiates outwards in a supernova explosion.
The luminosity of Type Ia supernova are uniform such that they are used as a “standard candle”
by astronomers.

Most other supernovae are triggered by collapse of the core at the final stage of a massive
star’s (M > 8Mg) evolution (see section 1.4.2). After cycling through fusion of successively
more massive elements, the core of a massive star is converted to iron, the element with the
highest binding energy per nucleon. At this point, nuclear fusion no longer releases additional
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Figure 4.1: Constraints on potential transient and steady sources responsible for the diffuse as-
trophysical flux detected by IceCube [53]. Under a given red-shift evolution model, we can use
the measured energy flux to estimated the range of source densities and luminosities permitted
by the observation of the diffuse flux. Individually luminous but rare sources like Flat Spec-
trum Radio Quasars are shown on the upper left, while common but dimmer sources (starburst
galaxies) are shown on the lower right.
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Figure 4.2: Remnants of post main-sequence stars by metallicity and stellar mass.
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stars (M < 8M©®) become white dwarfs after the red giant or, in the case of red dwarves, blue
dwarf phase while high mass stars undergo supernova explosions leaving behind a neutron star,
black hole or leave no remnant [38].
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energy and the core can no longer release sufficient radiation pressure to balance the gravita-
tional pressure of the star. The collapse of the core initiates a violent shock wave through the
outer layers culminating in a catastrophic explosion and destruction of the star. The majority of
the energy released ( 99 % or 10° erg) is carried by neutrinos escaping the core in the first few
minutes of the collapse(see section 1.4.2), ~ 1 % (10%lerg) in kinetic energy of the ejecta and ~
0.1 % in the subsequent electromagnetic radiation[48]. The fate of the core depends on the mass
and metallicity of the star (see figure [4.2]).

The rest of the star’s material, several solar masses, is flung outwards as ejecta at a speed of
vp ~ 10*%kms™! (0.2¢, faster than the speed of sound of the interstellar medium crgps ~ 10kms™—!.
The resulting shock wave radiates outwards piling up the ISM and its associated magnetic field
(see figure . The shock wave velocity vg is dependent on the ejecta velocity and on the
specific heat of the ISM gas v = 5/3 (monatomic as the heat of the supernova will have ionized
the gas). In the idea case for a shock (Mach number M > crsps) the compression ratio R is
R > pshocked/ Punshocked > 4. Irregularities present in the ISM result in magnetized clouds that
accelerate particles in the Fermi model (see section 2.1.3), scattering them in a randomized direc-
tion with an average gain of energy. At the interface of the supernova shock, particles travelling
“downstream” (i.e. into the shock) and entering a magnetized cloud will have an enhanced en-
ergy gain in the observer frame compared to normal Fermi acceleration. In other words, diffusing
charged particles gain energy from the shock itself in addition to acceleration in the associated
magnetic fields, a process known as second-order Fermi acceleration. Crucially the particles are
trapped in continuous acceleration across the shock front by the magnetic field, escaping when
they reach an energy such that the gyroradius is larger than the size of the supernova remnant
[30]. One can predict the cosmic ray energy spectrum ¢cor(FE) oc E~2 under the simplistic model
of a parallel planar shock front of infinite extent where the cosmic rays act as test particles. In
reality supernova shock fronts are spherical, not linear and the cosmic rays exert pressure upon
the shock; slowing down the up-streaming plasma and resulting in:

e Increased compression.

e Changes to the velocity of the clouds.

e Non-linear magnetic amplification.

e A cosmic-ray spectrum softer than E~2 at low energies and harder at higher energies.

The cosmic ray pressure eventually slows down and dissipates the shock on a time-scale of
tsnr ~ 10° years. Supernova Remnants are among the most likely locations for cosmic rays,
indeed several of them have been observed by VHE ~-ray telescopes such as H.E.S.S, VERITAS
and MAGIC. Indeed a simple calculation shows that supernova remnants can power the total
galactic cosmic ray luminosity (taken from the cosmic ray flux above the knee), given an observed
supernova rate of Rgy = 0.01lyr~!, a kinetic energy per supernova of Egy = 10°'erg and an
assumed efficiency of n = 0.1 for converting the shock’s kinetic energy to cosmic ray energy [1§].

Ler = nEsyRgn ~ 2 x 104 ergs™! (4.1)

The compressed gas at the shock, in addition to accelerating cosmic rays, contain an enhanced
density of target protons and nuclei for pion production. However deriving the proportion of
cosmic rays that interact with target gas and hence lose energy to pions and ultimately photons
and neutrinos requires comparing the escape time tegcqpe With the time until interaction ¢;nieraction
which in turn are dependent on the local gas density and magnetic field strength.
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Figure 4.3: Illustration of supernova shock wave. The supernova ejecta emanate from the location
of the explosion, colliding with surrounding gas creating a shock wave that travels ahead of the
ejecta passing through the surrounding medium.

4.1.2 Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) are intense flashes of y-ray emission lasting on an average time-scale
of Atpyrst = 2 s for “short’ GRBs to Atpyrst = 30 s for “long” GRBs. Long GRBs comprise 70
% of known GRBs and are theorized to be a special case of a supernova or hypernova, in which
a rapidly rotating massive star collapses to form a neutron star or black hole and the subse-
quent burst of radiation is strongly beamed along the axis of rotation. After the initial flash of
gamma-rays a longer duration “after-glow” follows in longer wavelengths (X-ray, optical, radio
etc.). Short GRBs are associated with “kilonovae” triggered by the merger of a binary neutron
star system.

GRBs are expected to accelerate protons and other charged particles to extremely high ener-
gies of E ~ 10? eV via Fermi acceleration in their jets. These jets may also generate vy-rays
and neutrinos via photohadronic and lepto-hadronic collisions according to various models of
GRB jets. One widely discussed model is that of the “choked jet” where the bulk of the photon
emission is unable to escape the stellar envelope. The existence of choked jet GRBs would mean
there would be many more GRBs than found by current observations [23]. Calculating neutrino
emission requires taking into account the expected proton flux and using the known magnetic
field, photon, electron and proton densities to find the energy lost to pion production as well as
other cooling processes: [51]. An easier conceptualization is to take the time taken for available
protons to accelerate versus to cooling down time due to meson production, synchrotron emission
and adiabatic cooling:

tace > gy = taum, + g + 1) (4.2)

cool

The acceleration time can be estimated as t,.c = €,/ceB where €, is the proton energy in the
jet frame. The adiabatic cooling time is similar to the dynamical time: tgy, = rje;/cl’ with 7je
representing the radius of the jet and I' representing the bulk Lorentz boost relative to the star.
The synchrotron time for particle species i (which can denote a proton, photon, electron etc.)
is: tisyn = 6rmic®/(m2orB2e;), where or is the Thomson cross-section. Finally the meson
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production rate is:

1 C/OO &0t ~/OO de, 2 " (4.3)
= — €y O pryKpry € €yES—— .
2 e T ey, ey

where v, = €,/ (mp02), €y is the target photon energy in the proton’s reference frame, o,, and
kpy are the cross section and in-elasticity of photo-meson production respectively. The energy
threshold mc? = 145 MeV for pion production is used as the pion is the meson of lowest mass
and highest stability. The vast majority of these interactions produce pions which decay into
muons and muon neutrinos (see chapter [2)) via the interaction channel: p+~v — n + 7. We
define the meson production efficiency as fpy = ) cool/tpy and hence we can estimate the muon
neutrino energy spectrum as [51]:

1
W, ~ sirimewt g,

(4.4)

where E, = 0.05FE, on average across flavours. Note that one must account for suppression
of the pion via cooling: (we cannot assume that pions are interaction-less in a jet) frsup =
1 — exp(—tr,cool/tr,dec). We find the decay time tr gec = YaTpi (Tpix = 2.6 ¥ 107% s) and the

cooling rate t;lc ool = t;éyn + t;’byn. The pion cooling results in a spectral break in the neutrino

spectrum at E, = /3mm2c[2/(8m207B27,). The muons of course subsequently decay into
neutrinos and positrons and one must take into account muon suppression from interactions in
the jet f, sup and we find the spectra for v, and v,

dN, dNj 1 dN,
2 Ve _ 12 Z 2 WiVp
Eye dE,, = EDH dEr/M ~ gfmfu,swfmsprE (4-5)

Another break due to muon cooling is observed at E, = \/ 3mm5,c51? /(8mZor B?7,,). Hence the

flavour mixing at a GRB does not necessarily follow 1:2:0 but instead one must have knowledge
of the local radiation densities and magnetic field strengths among other things [51].

4.2 Extragalactic Sources

The isotropic distribution of neutrino arrival directions measured by IceCube has suggested that
astrophysical neutrinos are extra-galactic in origin with different classes of galaxies considered as
individual sources. The majority of extra-galactic sources can be classified as active galaxies or
star-forming /starburst galaxies, with the production region contained within the active galactic
nucleus and starburst region respectively. Note that these two sources may not be mutually
exclusive, active galaxies are often host to high levels of star-formation. Active galaxies and
starburst galaxies have been extensively catalogued and their populations have been modelled
across cosmic epochs, with the latter distribution following the cosmic star-formation rate. By
combining the density of different source classes over cosmological epochs with a best-guess of
neutrino luminosity per source, once can calculate the nearest observable neutrino source and
compare this with established upper limits [64]. The densities and luminosities of neutrino
sources permitted by the point source and diffuse upper limits are displayed in figure [£.4]

4.2.1 Active Galaxies

Active galaxies host active galactic nuclei (AGN) in their centre which are the sources of ex-
traordinarily luminous electromagnetic radiation, at least equal to the collective emission of the
rest of the galaxy or several orders of magnitude higher. AGN are so luminous that the earliest
detected examples were mistaken by astronomers for stars inside the Milky Way. The emission
is primarily powered by accretion of material spiralling in towards a super massive black hole,
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Figure 4.4: Constraints on the lograithmic density (y-axis) and energy luminosity (x-axis) of
steady cosmic neutrino sources measured by IceCube [64] under a variety of evolutions of source
density. The IceCube line (red) represents the limits imposed by the measurement of the diffuse
flux. The blue line represents the point source limits and the black line represents the limits
expected from IceCube-Gen2. The spread in the IceCube line accounts for the evolution of source
density n(z) under different models including n(z) o (1+2)° (flat), n(z) o< (1+2)? (approximate
star-formation rate) and n(z) o< (1 + 2)3 (the distribution of AGN). The effects of the evolution
model on the point source limits are shown with fainter coloured lines.
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Figure 4.5: An illustration of an active galactic nucleus according to accepted models. Relativistic
jets emanate from both poles of supermassive black hole and are enveloped by a torus of thick
dust and gas which often obscures the active region from side on observers.

the material in the accretion disk is heated to high temperatures and radiates X-ray photons be-
fore falling below the event horizon. AGN also feature relativistic jets, highly collimated beams
(Af ~ 1% of high energy plasma erupting from the pole. The jets extend outside of the galactic
plane perpendicular to the disk, varying widely in size from a few parsecs (in the case of Seyferts)
to millions of parsecs in length (M87). The active core contains thermally excited gas that rises
out from the plane which gradually cools down by emitting thermal radiation. The core is usually
enveloped by a torus of optically thick gas and dust which is heated by the gas emission from
the active core and cools by emitting in the far infra-red. See figure for a visual description
of an AGN.

The causes of AGN jets are still undetermined, but they are likely formed by particle acceleration
by the magnetic field of the black holes and powered by the black hole’s rotation. Various classes
of AGN are defined using the orientation of the jet to the observer, the level of radio emission
(AGNs can be divided into “radio-loud” and “radio-quiet” categories), the presence of emission
lines and other features. The observation of different classes of AGN is summarised in figure |4.6
Active galaxies are among the most discussed extra-galactic neutrino sources, with neutrino and
~-ray emission expected from cosmic ray acceleration in the jets and subsequent collisions with
high density photon fields within.

Seyferts

Radio-quiet AGN include Seyfert galaxies and Quasars or Quasi-Stellar Objects (QSOs). Seyfert
galaxies are the most abundant type of active galaxy (accounting for ~ 10% of all galaxies) and
feature a nucleus with a luminosity approximately equal to the remainder of the galaxy, while
QSOs have optical luminosity several orders of magnitude higher. The core of a Seyfert galaxy
is usually hosted by a spiral galaxy, and look like normal spiral galaxies when viewed in visible
light, with the excess emission apparent at other wavelengths. Seyferts can be further divided
into Type 1 and Type 2. Type 1 Seyferts contain broad emission lines, with both allowed lines
(HI, Hel and Hell) and broad forbidden lines (OIII) as well as occasional narrow allowed lines.
Type 2 Seyferts contain only narrow allowed and forbidden lines (note that the term “forbidden
lines” is a slight misnomer, as the electron transitions that cause them are highly improbable
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Figure 4.6: Diagram depicting the Unified Model of Active Galactic Nuclei. Different classes of
AGN are defined by the observer’s orientation with respect to the jet and the galactic plane [21].

but not forbidden). It is believed that all Type II Seyfert are in fact Type 1 Seyferts where the
active nucleus is obscured by toroidal dust clouds. These dust clouds obscure broad emission
from the hot gas in the centre, allowing only the cooler outer gas to be observed. The observation
of Type I or II Seyfert is contingent on the orientation of the observer to the nucleus. The dust
envelope is heated by intense UV radiation from the accretion disk, cooling down by emitting
in the far infra-red. Starburst galaxies (see section 3.2.2) are also highly luminous in the far
infra-red, owing to heating of dust by bright O and B type stars, and so care must be taken to
differentiate between Seyfert and starburst galaxies using the shape of the infra-red spectrum
and the presence of contiuum radio emission in starburst galaxies.

Like other AGN, Seyferts contain relativistic jets, although they are relatively weak with the
most powerful only extending to a few parsecs. Colliding blobs within the jet and the forma-
tion of shocks can accelerate protons up to 10'® eV which can in turn produce neutrinos via
photomeson interactions.

Blazars

Blazars are active galactic nuclei where the jet is pointed directly towards Earth, and are only
observed inside elliptical galaxies. The line of sight orientation leads to enhancement of the
emission from relativistic beaming and can explain the higher polarization and variability than
that of non-blazar AGN as well as apparent superluminal motion in the jet itself. Under a Uni-
fied Model of AGN, highly variable blazars are related to radio-loud galaxies while BL Lacertae
Objects (BL Lacs) are intrinsically radio-quiet.

Shocks in the jet would be the site of cosmic ray acceleration, with subsequent collisions of
cosmic rays with photons in the jet producing v-rays and neutrinos. Although the mechanism
is largely the same between blazar and Seyfert type sources, the luminosity of blazars is higher
by around 3 orders of magnitude for BL Lacs to 5 orders of magnitude for Flat Spectrum Radio
Quasars (FSRQs). Blazars are far rarer than Seyfert galaxies, with a local cosmic density around
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Figure 4.7:  Upper limits to the cumulative blazar energy flux established by the 2LAC-Fermi
blazar stacked point source analysis [5]. The limits assuming spectral indices above E > 10 TeV
are considered, shown in green for I' = 2.2 and blue for I' = 2.5. The results are shown for equally
weighted blazar (blazars with equal neutrino intensities) and for v-weighted blazars where the
neutrino intensity is proportional to the «-ray intensity measured by Fermi-LAT between 100
MeV and 100 GeV). The data points show the measurements of the astrophysical muon-neutrino
flux, with the shaded black area indicating the uncertainty in the flux magnitude and spectral
index.

2 to 3 orders of magnitude lower for BL Lacs and FSRQs respectively (as shown in figure
in the constraints on BL Lacs and FSQRs) [64]. More than 862 ~-ray emitting blazars have
been identified and catalogued by Fermi-LAT [65] [I3]. ~-ray emission can be used to predict
the neutrino flux assuming a completely hadronic origin for v-ray emission. Although the exact
v/~ proportionality may vary considerably between individual sources, an average ratio can be
established by measuring the correlation between the positions of «-ray blazars and the arrival
directions of astrophysical muon-neutrinos. The results of stacking analyses comparing the Fermi
2LAC catalogue of y-ray blazars with up-going muons measured by IceCube found no significant
correlation overall and none for any of the subcategories of blazars including BL Lacs, FSRQs,
ISPs or LSPs. This result indicated that ~-ray blazars could account for no more than 27 %
of the astrophysical neutrino flux measured by IceCube (see figure . Collectively blazars do
not dominate the neutrino sky and so other sources, such as star-forming galaxies need to be
investigated as possible neutrino sources.

4.2.2 Star-forming and starburst galaxies

Starburst galaxies are thought to be engines of cosmic ray production, and due to the high den-
sities of interstellar gas and radiation, may act as cosmic ray “calorimeters” i.e. the neutrino
emission via pion decay may be a metric of the cosmic ray flux at certain energies [88] . The
limited observations of starburst galaxies by ~-ray telescopes leave an unclear picture of the sit-
uation. Fermi-LAT’s observations of the vy-ray flux of starburst galaxies are at energies around
three orders of magnitude lower than the astrophysical neutrino flux measured by IceCube hence
there is a strong systematic induced by the assumptions of the power-law at high energies.

A large proportion of galaxies are hosts to star-formation, as clouds of atomic and molecular
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gas undergo gravitational collapse. As the clouds are compressed, the density and temperature
rises, as gravitational energy is converted into thermal energy. At the centres of collapse even-
tually a critical temperature is reached allowing fusion of hydrogen. Star-formation is a well
studied phenomenon as astronomers can view virtually every stage of stellar synthesis within the
Milky Way. In the galaxy, star-formation can be initiated by supernova shocks, gravitational
perturbations in the spiral arms and compression of clouds from radiation pressure from hot O
and B type blue super giants. On larger scales, galactic mergers lead to rapid run-away star-
formation, in some cases creating “starburst” regions in which all available gas is converted into
stars on a relatively short time scale (+ < 10%r). High star-formation rates correlate with higher
populations of short-lived high mass stars such as the O and B blue super-giants. O and B stars
are often born in close proximity to each other and given their short lives do not have time to
diffuse into the galactic plane and therefore are usually found in clusters called OB associations.
Being the hottest main-sequence stars, with surface temperatures ranging from 10,000 K to more
than 50,000 K, a large proprotion of surface radiation is in the blue and ultraviolet. Enormous
surface areas ensure that the stars are highly luminous, accounting for the majority of stellar
emission in the blue and ultraviolet despite forming less than 0.1 % of the stars. UV photons are
absorbed by optically thick dust in the starburst region which warms to 100-200 K and gives off
thermal radiation in the far-infrared. Thus infrared emission is a reliable tracer of star-formation
in general [61] and the most luminous infrared galaxies are star-forming galaxies. The stellar
winds from OB associations lead to cosmic ray acceleration and associated y-ray and neutrino
production. Since the starburst phase occurs on a time-scale an order of magnitude greater than
the lifetime of O and B type stars, the supernova rate is in equillibrium with the star-formation
rate and the supernova shocks power cosmic ray acceleration in the medium. The thick gas and
intense stellar radiation in starburst regions lead to abundant pp and py collisions producing
v-rays and neutrinos [67].

Star-formation can be measured across cosmological time-scales across multiple bands includ-
ing UV, infrared, radio contiuum and far-infrared emission and molecular recombination lines.
Combining these methods, one can trace the history of the cosmic star-formation rate (see figure
4.8) across redshifts as described by the equation

(14 2)%7
F[(1+ 2)/2.9]56

¥(z) = 0.015 [Meyr™*Mpc™?] (4.6)

Following the reionization epoch and the cosmic dark ages the star-formation rate density in-
creased reaching a peak at z ~ 1.9 or 3.5 Gyr and decreased after z ~ 1 with an e-folding timescale
of 3.9 Gyr. The Universe was a more active place in the past, stars formed at a rate nine times
higher during the peak of cosmic star-formation than today [61]. Around 25 % of the current
stellar mass density formed at z > 2, prior to the peak of star-formation and another 25% formed
after z = 0.7 (roughly half way through the lifetime of the Universe). The smooth evolution of
the star-formation rate density implies that the star-formation is dominated by “main-sequence”
galaxies, ones that form stars at a low but stable rate across large timescales. Starburst galaxies
play a sub-dominanat role in overall star-formation across the Universe, accounting for ~ 10%
of the star-formation rate before z > 2, ~ 20% at 1 < z < 2, and < 5% after z > 1 [57].

The connection between star-formation and cosmic ray acceleration is evidenced by observa-
tion of v-ray emitting starburst galaxies by Fermi-LAT [90]. Collectively star-forming galaxies
account for between 43 % and 91 % of the isotropic v-ray background (IGRB) intensity mea-
sured above 1 GeV [59]. Very high energy ~-rays have been observed in the two closest starburst
galaxies: M82 and NGC 253 by VERITAS and HESS respectively [47], and both observatories
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Figure 4.8: The evolution of the star-formation rate density from the cosmic dark ages to the
present epoch based on UV and infra-red observations [61]. The star-formation rate density
reached its peak around z = 1.9 (or 3.5 Gyr after the Big Bang) and declined exponentially
thereafter.

have placed upper limits close to the expected flux from Arp 220, the most infra-red luminous
starburst galaxy in the local Universe [27]. Starbursts are expected to be weaker overall y-ray
and neutrino producers than blazars and other AGN but are known to be far-more numerous
with more starbursts in the local Universe [64]. The connection between star-formation and ~-ray
emission in starbursts is supported by a strong correlation between bolometric y-ray luminosities
L 1-100Ggev and infra-red luminosities Lir 8—1000um [75] as shown in figure The relation can
be described by the following log-linear relation at 5.7¢ confidence [59]:

loglo(LA,/ergsfl) = aloglO(LIR/IOmL@) + 8 (4.7)

where a = 1.18 £ 0.15 determines the power relation (nearly linear) between the respective lu-
minosities and S = 38.49 + 0.24 governs the difference in orders of magnitude [59]. This would
imply that local neutrino luminosity should scale with infra-red luminosity in a similar fashion in
regions of intense star-formation. However this assumes a purely hadronic origin for the observed
~-rays. High star-formation rates will also lead to an abundance of remnant pulsars which pro-
duce powerful winds of electrons and positrons which produce vy-rays via the leptonic acceleration
mechanisms described in section 2.3.1. In fact the starburst «-ray flux can be equally explained
by hadronic and leptonic mechanisms [67], an ambiguity that needs to be resolved by the next
generation of higher resolution 7-ray observatories like the Cherenkov Telescope Array (CTA)
[67].

Even if ~-rays from starburst galaxies are predominantly or entirely hadronic in origin, the
observed correlation paints an ambiguous picture with respect to neutrinos. The most extensive
observations of y-ray starbursts by Fermi-LAT measure photon energies up to 100 GeV at least
3 orders of magnitude below the energy threshold at which IceCube can distinguish an astro-
physical neutrino flux. Even HESS and VERITAS can only measure y-ray emission up to this
threshold. So any extrapolation of y-ray fluxes to neutrino fluxes is subject to high uncertainty
from the unknown spectral index. For example, Bechtol, Ahlers et al. [17] claimed to limit
the starburst contribution to the IceCube neutrino flux to less than 28 % by extrapolating the
starburst component of the IGRB to neutrinos at higher energies [I7]. Their value was highly
sensitive to the assumed spectral index above 100 TeV, with harder spectra leading to a larger
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Figure 4.9: Correlation between they-ray (Fermi-LAT) and far infra-red (observations taken from
IRAS, Spitzer and Herschel) luminosity in star-forming and starburst galaxies [75]. The effective
star-formation rate is display on the upper x-axis, showing the relation of star-formation and
high energy v-ray production.
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share of the IceCube flux and the share increasing with energy.
e Spectral index v = —2.3 = @, spc /Py 1ceCube = 0.1

e Spectral index v = —2.3 = ®, 5rc /Py 1ceCube = 0.3 (for E > 100TeV) and 0.6 (for E >
PeV)

Predicting the spectral index becomes more problematic as poorer photon statistics at higher
energies leads to greater uncertainty in the fit of the ~-ray spectrum. Measurements of M82 and
NGC 253 by HESS and VERITAS disfavour hard spectral indices at 100 TeV [56]. IN chapter [6]
we analyse the effects of the spectral index on the predicted starburst flux.

Moreover the high densities of gas and background photons in starbursts may render them opaque
to y-rays above 100 TeV [47], leading to an underestimation of the neutrino flux if directly scaled
to observed ~-rays. In the presence of gas y-ray photons pair-produce electrons and positrons
which can up-scatter ambient photons to y-ray energies via inverse Compton scattering. This
sometimes leads to particle cascades inside the starburst region. The resultant cascades may be
evident in increased 7-ray emission at lower energies, increasing the flux by 10 %- 45 % in M82
and NGC 253[47] in the 1 to 100 GeV range. The optical thickness to pair-production in star-
bursts increases with photon energy, reaching 7,, = 1 at around 10 TeV [47]. The multi-source
nature of the IGRB, the uncertainties in the spectral index of y-rays at high energies, the un-
certain hadronic to leptonic ratio and the presence of y-ray attenuation, significantly complicate
the picture for starburst neutrinos. This situation may be resolved by searching for directional
associations between astrophysical neutrinos and nearby starburst galaxies.

4.3 Summary

The isotropic distribution of neutrinos measured by IceCube favours an extra-galactic origin
scenario. Blazars and related Active Galactic Nuclei have been widely discussed as sources but
the lack of directional correlation limits them to accounting for less than 27 % of the neutrino flux.
Seyfert galaxies are also of interest in accessing neutrino origins. Starburst galaxies are widely
considered highly likely producers of neutrinos but the picture from ~-ray emission makes the
actual level of neutrino emission highly uncertain. An extensive directional analysis of starburst
galaxies may help resolve these ambiguities.
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Chapter 5

Cross Correlation between starburst
galaxies in the IRAS catalogue and
High Energy Starting Events

If there is a correlation between neutrino emission and star-formation in galaxies, then we ex-
pect neutrino arrival directions to point towards the brightest starburst galaxies. This chapter
examines a published study “Do high energy astrophysical neutrinos trace star formation?” by
Lunadrini, Emig and Windhorst (2015) [24] which examines the degree of directional correlation
between the three year high energy starting events (HESE) sample and nearby bright galaxies
belonging to different galactic classes, including starburst galaxies, that are suspected to be the
source of cosmic ray powered neutrino production. A weak correlation is claimed between the
three year HESE sample and seven starburst galaxies selected from the IRAS Revised Bright
Galaxy sample with a significance level of p ~ 0.05 (~ 20). The starbursts were selected for
their high infra-red flux at 100 microns: Siooum > 250 Jy and two of them: M82 and NGC 253
have been observed by high energy ~-ray telescopes. In the following chapter we examine the
methodology and results of the study and make an extension of it using more realistic statistical
methods and updated neutrino data sets. We also examine the sensitivity of the results to the
cut placed on the infra-red flux of starburst galaxies.

5.1 Summary of the study

Here we provide a brief summary of the methodology, data selection and results of the study
performed by Lunardini et al. in order to provide context for our later examination of it.

5.1.1 Data Selection

For their study Lunadrini et al. used the three year HESE sample containing thirty seven events
measured in the first 988 days of the detector’s operation. However two events were found to be
in coincidence with IceTop, implying they were atmospheric in origin and are therefore excluded.
Of the remaining thirty five events, ten of them are track events with small angular uncertainties
o < 1° and the remainder are cascade events with large angular uncertainties o ~ 15°. It is
interesting to note that none of the correlations found involved track events.

Source Catalogues

Lunadrini et al. considered three classes of galaxies as neutrino sources:

1. Blazars
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2. Seyfert II Galaxies
3. Star-forming regions and starburst galaxies

with each examined independently of the others. They consider objects that have been observed
to emit high energy ~-rays as this may indicate pion production. The «y-ray fluxes of these objects
can also provide a crude upper limit on the possible neutrino flux, although they note that v-ray
absorption may reduce the y-ray flux with respect to the neutrino flux and lead to an under
estimation of the upper limit. A cut on the photon-flux of the Blazars and Seyferts is used to
leave only the brightest sources which are more likely to be observed by IceCube. The catalogues
used in the study include the following,

e TeVCat: A compilation of known high energy v-ray sources (100 GeV < E, < 100TeV)
measured by HESS, MAGIC and VERITAS. These observatories measure Cherenkov light

from +-ray initiated air-showers allowing good angular resolution reconstruction o < 0.1°.

e 3FGL: A catalogue of extra-galactic objects measured by the Fermi-LAT detector on the
Fermi satellite over 4 years. Fermi-LAT measures «-ray photons over an energy range of:
100 MeV < E, < 100GeV. Angular resolution ranges from 5° at 100 MeV to 0.8° at 1
GeV. Gamma-ray emission near the galactic plane (|b] < 10°) is likely produced by galactic
cosmic rays [14] and is therefore excluded.

e IRAS Revised Bright Galaxy Catalogue: Star-formation is measured using emission in the
far infra-red at 100pum as a proxy. Starburst galaxies comprise the objects with the highest
fluxes and are selected by using a cut on the flux density at 60 pm (Seoum > 5.24 Jy).
Objects within 5° of the galactic plane are also excluded (|b| < 5°).

5.1.2 Method

The authors use equatorial coordinates in their analysis, a convention that we also follow in all
following chapters. For the set of neutrino events and sources from a given catalogue, we estimate
the coincident rate, defined as when the coordinates of the " event and j** source are aligned
within the median angular uncertainties o; and ;. The angular distance S;; is defined:

Sij = Ab;; = cosfl(sin d;sind; + cos 6; cos 65 cos Acy;j) (5.1)

where §; and §; are the declinations of event 7 and source j respectively and Aa;; = o;; — ;. From
S;j which we define the unit-less “weighted distance” R;; using the median angular uncertainties:

Si;

/ 2 2
ai—l—aj

and since we expect o; > o in all instances [57] we simplify this term to R;; = S;;/0;. For each

Rij = (5.2)

event we calculate the weighted distance to the nearest source r; where r; = R;j; . is smaller
than the distance to all other sources.
Ty = mZTL(RU) (T’i = Rijmm < RZ],VJ) (5.3)

For a set of neutrino events and sources, we find the distribution of r, and calculate the coin-
cidence rate N¢ to be the number of events for which » < 1. Note that we have dropped the
index 4 on r for the sake of simplicity. We find our null distribution by sampling a set of events
of equal size from a background and finding the r distribution for each. For a truly isotropic
background we can find the 7 distribution analytically [24].
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dP N,
(r) = Z crir\?:c sin o;[1 4 cos roy] Nere ™1 (5.4)
i

dr

Alternatively one can estimate the result’s significance by scrambling the positions of either the
sources or the neutrinos and recalculating the coincidence rate. After repeating this process a
large number of times, one can calculate the probability of the finding the observed coincidence
rate by chance. The authors chose to scramble the positions of the sources and leave fixed the
positions of the neutrinos. N¢g is the relevant parameter in the analysis, and we define the
significance using the probability p of finding N¢ in the null distribution that is equal to or
greater than that of the experimental results:

Ns ies
Zi : NC,i > NC,obs
Nskies

p= (5.5)
Since many cascade events overlap with other cascade events, we could treat them as originating
from the same source. Therefore it may be useful to treat overlapping events as belonging to
a common source, and then measure a coincidence rate between the combined events with the
catalogue objects. The events are merged through an iterative process with each of the N!
possible pairs considered. For the it! event if the distance to the closest event j is R;; <1 then
a new combined event is created with the coordinates,

2 -2 2 -2 2

. i . . 57, . .

Qe = Zz Q- 0y 50 — Zz - f; O.z — E :0.12 (56)
>0 i

2 _
Zz‘ai2

and the process is then repeated until R;; > 1 for all remaining events. Note that interpreting
these combined events as actual sources can lead to implied sources with implausibly high fluxes
and should only be taken as a cross-check on the cross correlations found for the event and source
lists.

5.1.3 Results

The coincident rate N¢, the excess from the null distribution AN¢ (= N¢,exp — Neonun) and its
significance are found by comparing the r-distribution from the real events and the ensemble of
randomized events (see figures and . In general the null distributions feature
a narrowly peaked curve reaching its maximum around r ~ 2 and then falling sharply up to
r = 10. The null distributions also contain a long tail with a slight bulge for » > 10 that is
inconsistent with the the peaked curve for r < 10. These two components of the distribution
correspond to the cascades in case of the peak and tracks in the case of the tail. This can be
explained since the tracks have smaller angular resolutions and are thus likely to be further away
from a given source than a cascade. It is notable that both features of the null distribution can
also be seen with experimental r-distributions, since only cascades were found to overlap with
sources. Additionally sky-maps are displayed alongside the r-distributions in figures
and In the figures the median angular resolution illustrated with a red error circle and the
size of the marker proportional to the energy. The examined sources are shown with colourized
markers.

Blazars (AGN)

For the analysis of blazars, the authors draw their sources from the 3FGL catalogue, where objects
are already identified by their type [65] and place a cut on the photon flux ®, > 1072 cm 25!
in the energy band 10 GeV < E, < 100 GeV. The cuts leave eleven objects as potential sources

including ten blazars and one flat spectrum radio quasar (FSQR). The results are consistent with
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Figure 5.1: The sky-map and (left) r-distribution (right) of bright Fermi blazars examined by
Emig et al [24]. Neutrino events are indicated with black markers whose size is proportional to
the event energy (see legend). The angular uncertainty is indicated with a red circle centred
on one of the dots. Source positions are shown with colourized markers (see legend). The plot
on the right shows the null r-distribution (pink) against the measured r-distribution (blue) with
overlaps shown in dark pink.
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Figure 5.2: The skymap (left) and r-distributions (right) of bright Fermi Seyferts examined by
Emig et al [24]. The angular uncertainty of the event is indicated with red circles (as per figure
and the event and source positions with markers (see legend). The null r-distribution is
shown in yellow, the experimental distribution in violet and the overlap in orange (see legend).

the null hypothesis (figure [24] with 6 events coincident with a blazar, below that expected
from the null hypothesis ANg = —1 with a p-value of p = 0.764.

Seyferts

All six Seyfert II galaxies identified in the 3FGL catalogue are used in the analysis. In this
case six events are coincident with Seyferts, a small excess from that expected from the null
distribution AN¢c = 2.2 with a p-value of p = 0.165 (figure . No correlation is claimed but
that authors note that the result may merit further investigation into Seyfert galaxies.

Starbursts

The authors consider the brightest seven starburst galaxies in the IRAS RBG catalogue with a
cut imposed on the 100-micron flux density Sigoum > 250 Jy to select for high star-formation in
addition to the 