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Chapter 1

Introduction

In 1933, when Pauli suggested the neutrino as the particle responsible for the missing energy in the
beta decay puzzle, he was afraid that he had introduced a particle that could not be detected. However,
development of the weak interaction theory showed the neutrino to be a weakly interacting particle which
led to discovery of the neutrino in 1956 [1].

Soon after the discovery, the idea emerged that neutrinos represented ideal astronomical messengers.
They reach us directly from the edges of the Universe. In contrast to cosmic rays, which are deflected by
magnetic fields, neutrinos point back to their cosmic accelerators. Their feeble interaction with matter also
makes them immune to absorption. Therefore, high-energy neutrinos may reach us unscathed from cosmic
distances-from the neighborhood of black holes and from nuclear furnaces where cosmic rays are born.

Although their weak interaction makes neutrinos the perfect astronomical messengers, it also makes
cosmic neutrinos very difficult to detect. Immense particle detectors are required to collect cosmic neutrinos
in statistically significant numbers [2]. It was clear in the 1970s that cubic-kilometer-size detectors were
required in order to detect cosmic neutrinos produced in the interaction of cosmic rays with Cosmic Microwave
Background (CMB) photons [3]. Subsequent estimates for observing potential cosmic accelerators such as
Galactic supernova remnants and gamma-ray bursts unfortunately pointed to the same exigent requirement
[4, 5, 6].

The spectacular success of neutrino astronomy in observing the Sun and the supernova in the Large
Magellanic Cloud in 1987 showed its vitality. Both observations had tremendous importance; the former
showed that neutrinos have mass, opening the first crack in the Standard Model of particle physics, and the

latter confirmed the basic nuclear physics of the death of stars.



The thirty-year-long effort to build a large volume detector to detect neutrinos of extraterrestrial origin
led to construction of the Antarctic Muon And Neutrino Detector Array (AMANDA), which paved the
way for construction of the IceCube Neutrino Observatory. After the first year of full deployment, IceCube
succeeded in discovering the flux of cosmic neutrinos, rejecting the atmospheric background explanation of
the observed high-energy neutrinos. This discovery marked a new era of neutrino astrophysics and challenged
our understanding of the Universe.

The most surprising property of the observed cosmic neutrinos was their large flux. An immediate
inference made about this large flux observed by IceCube, which is predominantly extragalactic in origin,
is that the total energy density of neutrinos in the high-energy Universe is similar to that of gamma rays.
The matching energy densities of the extragalactic gamma ray flux detected by Fermi and the high-energy
neutrino flux measured by IceCube suggests that they originated in common sources. Rather than detecting
some exotic sources, it looks more likely that IceCube observes the same universe as astronomers do. The
finding implies that a large fraction of the energy in the non-thermal universe originates in hadronic processes,
indicating a larger level than previously thought.

The focus of this dissertation is on identifying the sources of high-energy cosmic neutrinos observed in
IceCube. Moreover, with the lack of confirmation to date of any source (type of sources) as the dominant
contributor to the observed neutrino flux, we have studied prospects for observing different sources in IceCube
by considering both transient and steady sources in the sky. Finally, we introduce new techniques to study

the strength of neutrino dark matter interactions with the properties of high-energy cosmic neutrinos.



Chapter 2

Neutrino astronomy

2.1 The birth of neutrino astronomy

In the early years of the 20th century, Victor Hess’s discovery of Cosmic Rays [7] brought a new messenger
to study the sky. With the development of science and improvement of techniques, our knowledge of the sky
had extremely broadened by the observation in X-ray, radio, and gamma ray telescopes. Moreover, thanks to
the large air shower arrays cosmic rays have been observed in a very wide range of energies. These, alongside
with the success of cosmology in describing the early stages of the Universe, gave us a novel understanding
of high-energy sky, and non-thermal component of the Universe. However, despite all of that, cosmic rays
and gamma rays fail to describe the high-energy Universe due to their intrinsic nature.

High-energy gamma rays and cosmic rays are produced in or at the vicinity of some the most energetic
objects in the cosmos and carry information about their origin and mechanism of acceleration. However,
gamma rays are either absorbed in the galactic matter or are attenuated by their interaction with the cosmic
background radiation. The pair production interaction length of PeV gamma rays in the CMB is of the order
of 10 kpc, which makes it impossible to observe this emission over extragalactic distances. Fig. 2.1 shows
the interaction length of gamma rays for pair production and inverse-Compton of photons with the CMB
and extra background light (EBL) [9]. For extragalactic sources such as Centaurus A at 4 Mpc, gamma rays
emissions are suppressed below 100 TeV. The diffuse flux of gamma rays from cosmic sources is only visible
below 10 TeV due to EBL absorption.

On the other hand, cosmic ray deflection in the magnetic fields makes it impossible to trace them back to
their sources. Cosmic ray spectrum spans over more than 10 orders of magnitude. The energies of interest
are shown in Fig. 2.2. At these energies, the cosmic ray spectrum follows a sequence of three power laws.

The first two are separated by “knee”; the second and third by the “ankle”. It is known that cosmic rays
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galaxy Cen A distances are indicated [8].

above the knee could not originate in the galaxy since their gyro-radii would exceed the size of the galaxy.
However, where the transition between galactic and extragalactic cosmic rays happen is still unanswered.
Moreover, the observation of cosmic rays at 10%° eV demonstrated the existence of extreme accelerators
outside the Galaxy. These questions origin together with other questions about the composition of the ultra
high-energy cosmic rays, and the mechanism of acceleration could not be answered by sole observation of
cosmic-rays. Finally, cosmic rays originating from distances further than 75 Mpc would not reach the Earth
due to their attenuation in CMB (This effect will be discussed in more details). Observable distance for
photons and protons are shown in Fig. 2.3.

The idea that neutrinos represent ideal cosmic messengers emerged few years after their discovery. Having
essentially no mass and no electric charge, the neutrino is similar to photons, except for one important

attribute: its interaction with matter is extremely feeble. Therefore, high-energy neutrinos my reach us
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Figure 2.2: Cosmic ray spectrum and its features (Data compiled by Particle Data Group [10])

unscathed from the edges of Universe. They neither get absorbed by the matter, nor deflected by magnetic
field. Therefore, they point back to their sources, and emerge as the ideal astronomical messenger.

Astronomical neutrinos will reveal the information required to understand the nature of ultra high-energy
accelerators in the sky. Together with the gamma rays and cosmic rays, high-energy neutrinos build the 3
components of the multi-messenger paradigm.

Fig. 2.4 illustrates the neutrino energy spectrum covering an enormous range, from microwave energies
(10712 eV) to 10%° eV [14]. The figure is a mixture of observations and theoretical predictions. At the
lowest energies, the neutrino sky is dominated by neutrinos produced in the Big Bang, i.e. Cosmic Neutrino
Background (CvB). At MeV energy, neutrinos are produced by supernova explosions; the flux from the
SN1987 is shown. At yet higher energies, the figure displays the measured atmospheric neutrino flux, up to
energies of 100 TeV by the AMANDA experiment [13]. Atmospheric neutrinos are the results of high-energy
cosmic ray interactions in the atmosphere, and are a main player in searching for cosmic neutrinos, because
they are the dominant background. The flux of atmospheric neutrinos falls dramatically with increasing

energy; events above 100 TeV are rare, leaving a clear field of view for extraterrestrial sources.
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Figure 2.3: Observable distance for photons and protons, from P. Gorham [11]

At energies above 100 TeV, neutrinos from Active Galactic Nuclei (AGN) and Gamma Ray Burst would
dominate the spectrum. The highest energy neutrinos in Fig. 2.4 are the decay products of pions produced
by the interactions of cosmic rays with microwave photons [15]. Above a threshold of ~ 4 x 10! eV, cosmic
rays interact with the CMB introducing an absorption feature in the cosmic ray flux, the Greisen-Zatsepin-
Kuzmin (GZK) cutoff. As a consequence, the mean free path of extragalactic cosmic rays propagating in the
microwave background is limited to roughly 75 Mpc, and, therefore, the secondary neutrinos are the only
probe of the still enigmatic sources at longer distances.

Although neutrinos weak interaction made them suitable for astrophysics, it also makes them very difficult
to detect. In order to collect cosmic neutrinos in statistically significant numbers, immense particle detectors

are required to enhance the chance of particle’s interaction. Estimates for the potential neutrino production
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at Galactic SN remnants and GRBs, and the flux of GZK neutrinos made it clear that a cubic-kilometer
detector was required to observe cosmic neutrinos [2, 3, 4].

Early efforts to build such detector concentrated on transforming large volume of natural water into
Cherenekov detector to detect the light produced when neutrinos interact with nuclei in or near the detector
[16]. Deep Under Water Muon and Neutrino Detector (DUMAND) in Hawaii was the first attempt [17].
Although DUMAND did not succeed, it paved the way for later efforts to build the smaller detector in
Lake Baikal [18] and the neutrino telescope in the Mediterranean [19, 20, 21]. Operation of Antarctic Muon
and Neutrino Detector Array (AMANDA) represented the proof of concept for kilometer-scale neutrino
observatory, IceCube [22].

One of the primary motivations for construction of a kilometer-scale neutrino detector was to detect
neutrinos associated with the sources of high-energy cosmic rays. As mentioned earlier, cosmic accelerators
produce particles with energies in excess of 100 EeV; we still do not know where and how the acceleration

happens [23], see Fig. 2.2. The bulk of the cosmic rays are Galactic in origin. Any association with our



Galaxy presumably disappears at EeV energy when the gyro-radius of a proton in the Galactic magnetic
field exceeds its size. The cosmic rays spectrum exhibits a rich structure above an energy of ~ 0.1EeV, but
where exactly the transition to extragalactic cosmic rays occurs is a matter of debate.

Cosmic ray accelerators must meet two challenges: first, the highest-energy particles in the beam must
reach energies beyond 103 TeV (108 TeV) for Galactic (extragalactic) sources, and secondly, their luminosities
must accommodate the observed flux. Acceleration of protons (or nuclei) to TeV energy and above requires
massive bulk flows of relativistic charged particles. Such environments are proposed to exist at supernova
remnants to produce galactic cosmic rays, and in GRBs and AGNs for extragalactic cosmic rays.

Neutrinos associated with cosmic rays will unravel where and how these particles are produced and
accelerated. Neutrinos will be produced at some level in association with the cosmic ray beam. cosmic rays
accelerated in regions of high magnetic fields near black holes or neutron stars inevitably interact with matter
or radiation surrounding them. Thus, cosmic ray accelerators are also “beam dumps” producing neutrino
beams. The method is what is used for the production of neutrino beams at accelerator laboratories: the
beam is dumped in a dense target where it produces pions and kaons that decay into neutrinos.

Cosmic rays accelerated in supernova shocks interact with gas in the Galactic disk, producing equal
numbers of pions of all three charges that decay into pionic photons and neutrinos. A larger source of sec-
ondaries is likely to be gas near the sources, for example cosmic rays interacting with high-density molecular
clouds that are ubiquitous in the star-forming regions where supernovae are more likely to explode. For
extragalactic sources, the neutrino producing target may be electromagnetic, for instance photons radiated
by the accretion disk of an AGN, or synchrotron photons that coexist with protons in the expanding fireball
producing a GRB.

The number of neutrinos, and inevitably, gamma rays that are produced in association with cosmic ray
beam depends on the nature of the beam dump. Generically, a cosmic ray source should also be a beam
dump: cosmic rays accelerated in regions of high magnetic fields interact with surrounding radiation field
such as UV photons. These photo-hadronic interactions result in production of charged and neutral pions

by the processes

p+y—=AT 57 4+p and p+y—- AT 1T 40l (2.1)



In a hadronic beam dump, CR mostly interact with the matter field such as the hydrogen in the galactic

disk, producing equal numbers of pions of all three charges in hadronic collisions

ptp—n[r +at+17] + X, (2.2)

where n is the pion multiplicity.

While both gamma-ray and neutrino fluxes can be calculated knowing the density of the accelerated pro-
tons and the density of the target material, their relative flux is independent of the details of the production
mechanism. The spectral production rates dN/dEdt of neutrinos and gamma rays (at the source) are related

by

1 dN,,. K dN.
-y E? Vi~ T p2 0 2.3
3 ; “idE,,dt — 4 VdE,dt (2:3)

Here, N and E denote the number and energy of neutrinos and gamma rays and i stands for the neutrino
flavor. Note that this relation is solid and depends only on the charged-to-neutral secondary pion ratio,
with K, = 1(2) for y(pp) neutrino-producing interactions. In deriving the relative number of neutrinos and
gamma rays, one must be aware of the fact that the neutrino flux represents the sum of the neutrinos and
antineutrinos, which cannot be separated by current experiments.

The production rate of gamma rays described by Eq. 2.3 is not necessarily the emission rate observed. For
instance, in cosmic accelerators that efficiently produce neutrinos via py interactions, the target photon field
can also efficiently reduce the pionic gamma rays via pair production. This is a calorimetric process that will,
however, conserve the total energy of hadronic gamma rays. The production of photons in association with
cosmic neutrinos is inevitable. The relation is however calorimetric; unlike neutrinos, photons reach Earth
after propagation in the cosmic microwave and infrared photon backgrounds to reach our telescopes with
TeV energy, or below. Also, one must be aware of the fact that inverse-Compton scattering and synchrotron
emission by accelerated electrons in magnetic fields in the source have the potential to produce gamma rays;

not every high-energy gamma ray is pionic.

2.2 IceCube neutrino observatory

IceCube is the first kilometer-scale neutrino detector that is sensitive enough to observe neutrinos of

cosmic origin, at a level of high statistical significance. IceCube consists of 80 strings, each instrumented
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Figure 2.5: Schematic of IceCube detector, illustrating the strings (vertical lines) and the detector
modules (small spheres) at depths between 1500 and 2500 m. DeepCore subdetector and
AMANDA-ITI are marked as cylinders. The blue circle on the ice surface show the IceTop
tanks.

with 60 10-inch photomultipliers spaced by 17 m over a total length of 1 kilometer. The deepest module is
located at a depth of 2.450 km so that the instrument is shielded from the large background of cosmic rays
at the surface by approximately 1.5 km of ice. Strings are arranged at apexes of equilateral triangles that
are 125 m on a side. The instrumented detector volume is a cubic kilometer of dark, highly transparent
and sterile Antarctic ice. Radioactive background is dominated by the instrumentation deployed into this
natural ice, see Fig. 2.5.

Each optical sensor consists of a glass sphere containing the photomultiplier and the electronics board that

digitizes the signals locally using an on-board computer. The digitized signals are given a global time stamp
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with residuals accurate to less than 3ns and are subsequently transmitted to the surface. Processors at the
surface continuously collect these time-stamped signals from the optical modules, each of which functions
independently. The digital messages are sent to a string processor and a global event trigger. They are
subsequently sorted into the Cherenkov patterns emitted by secondary muon tracks, or electron and tau
showers, that reveal the direction of the parent neutrino [24].

IceCube detects neutrinos by observing the Cherenkov radiation from the charged particles produced
by neutrino interactions inside or in the vicinity of the detector. Charge current interactions produce a
lepton that carries, on average, 50% of the neutrino energy for E < 10 GeV, to 80% at high energies. The
remainder of the energy is released in the hadronic shower produced by the target nucleus Both the secondary
lepton and the hadronic shower produce Cherenkov radiation. In neutral current interactions, the neutrino
transfers a fraction of its energy to a nuclear target, producing a hadronic shower. IceCube can differentiate
neutrino flavors on the basis of their topology in the detector, as illustrated in Fig. 2.6. There are two basic
topologies: tracks from charge current interaction of v, and cascades from charged current ve, v, , and the
neutral current interactions from all flavors. Cascades are produced by the radiation of particle showers,
whose dimensions are in the tens of meters, i.e., an approximate point source of light with respect to the

dimensions of the detector.

o o 0
o o o
0 0 X 0
8)
o o 0
muon
o o 0
Cherenkov cone spherical Cherenkov front
© o 0 o o o o o o o o0 o o o

Figure 2.6: Cherenkov light patterns produced by muons (left) and by showers initiated by electron and
tau neutrinos and by neutral current interactions (right) . The patterns are referred to as
tracks and cascades (showers), respectively.

The different topologies each have advantages and disadvantages. For v, interactions, the long lever arm
of muon tracks, up to tens of kilometers at very high energies, allows the muon direction (and the neutrino

direction) to be determined accurately with an angular resolution measured online that is better than 0.4°.
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Superior angular resolution can be reached for selected events. Sensitivity to point source studies is therefore
better as well. The disadvantages are a large background, of atmospheric neutrinos below 100 TeV and CR
muons at all energies, and the indirect determination of the neutrino energy that must be inferred from
sampling the energy loss of the muon when it transits the detector. The signal probability for an individual
event is shown in Fig. 2.7.

Observation of v, and v, flavors also represents significant advantages. They are detected for both
Northern and Southern Hemispheres. (This is also true for v, with energy in excess of 1 PeV, where the
background from the steeply falling atmospheric spectrum becomes negligible.) At TeV energies and above,
the background of atmospheric v, is lower by over an order of magnitude, and there are essentially no
atmospheric v, produced. At higher energies, long-lived pions, the source of atmospheric v, no longer
decay, and relatively rare K-decays become the dominant source of background v.. Furthermore, because
the neutrino events are totally, or at least partially, contained inside the instrumented detector volume, the
neutrino energy is determined by total-absorption calorimetry. One can establish the cosmic origin of a single
event by demonstrating that the energy cannot be reached by muons and neutrinos of atmospheric origin.
Finally, v, are not absorbed by the Earth [26]: v, interacting in the Earth produce secondary v, of lower

energy, either directly in a neutral current interaction or via the decay of a secondary tau lepton produced in
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Figure 2.7: The fraction of the total flux as a function of the event energy proxy for atmospheric and

astrophysical components [25]. The astrophysical purity of the sample is obtained at energies
above 100 TeV.
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a charged-current interaction. High-energy v, will thus cascade down to energies of hundred of TeV where
the Earth becomes transparent. In other words, they are detected with a reduced energy but not absorbed.

Although cascades are nearly point-like and, in practice, spatially isotropic, the pattern of arrival times
of the photons at individual optical modules reveals the direction of the secondary leptons with 3°. While a
fraction of cascade events can be reconstructed accurately to within a degree the precision is inferior to that

reached for v, events and typically not better than 10° using the present techniques

2.3 Discovery of cosmic neutrinos

After a year of completion, IceCube successfully observed a flux of cosmic neutrinos rejecting the at-
mospheric explanation of observed neutrinos. Primarily, there were two methods used to identify cosmic
neutrinos. Neutrino searches have historically focused on the observation of muon neutrinos that interact
primarily outside the detector, producing kilometer-long muon tracks that pass through the detection vol-
ume. Although this allows observation of neutrinos that interact outside the detector, it is then necessary to
use the Earth as a filter in order to remove the huge background of cosmic-ray muons. This method limits
the neutrino view to a single flavor and half the sky. An alternative method exclusively identifies neutrinos
interacting inside the detector. The latter was the first search to see the evidence of cosmic neutrinos in Ice-
Cube in 2013 [27]. Today, both methods have observed neutrinos with astrophysical origin by a significance

larger than 50 [28, 29, 30]. The main results of both analysis is discussed in the following.

2.3.1 High-energy starting events

As mentioned earlier, the first evidence for cosmic neutrinos was found in an analysis that exclusively
considered neutrinos interacting inside the detector. This method, divides the instrumented volume of ice
into an outer veto shield and a roughly 500 megaton inner fiducial volume. The advantage of focusing
on neutrinos interacting inside the instrumented volume of ice is that the detector then functions as a total
absorption calorimeter, measuring energy with a 10-15 % resolution. Also, neutrinos from all directions in the
sky can be identified, including both muon tracks, produced in muon-neutrino charged-current interactions,
and secondary showers, produced by electron and tau neutrinos as well as in neutral-current interactions of
neutrinos of all flavors.

Using the veto technique to find high-energy Starting Events (HESE) in IC79 and first year of IC86

revealed 28 events passing the veto cuts, representing an excess over atmospheric neutrino background, and
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Figure 2.8: Deposited energies, by neutrinos interacting inside IceCube, observed in four years of data.
The hashed region shows uncertainties on the sum of all backgrounds. The atmospheric muon
flux (red) and its uncertainty is computed from simulation to overcome statistical limitations
in our background measurement and scaled to match the total measured background rate.
The atmospheric neutrino flux is derived from previous measurements of both the pion and
Kaon, and charm components of the atmospheric spectrum. Two power-law fits to the
spectrum are also illustrated (gray).

rejecting the background hypothesis [27]. Inclusion of second and third year of IC86 [28, 29] enhanced the
observed number of events up to 54 events with energies above 30 TeV, see Fig. 2.8. This sample consists

of 14 tracks and 40 cascades. The spectral analysis of these events resulted in a best fit power law flux of

E?p(E) =22+0.7 x 1078(E/100 TeV) **® GeVtem 25 tsr ! (2.4)

2.3.2 Through going muons

Analysis of the same years of data used in HESE analysis for through going tracks from northern sky
resulted in observation of cosmic neutrinos with an evidence of 3.40 [31]. 5o significance in this analysis was

achieved in the analysis of further years. Using 6 years of data from IC59 to forth year of IC86, the sample of
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Figure 2.9: Spectrum of secondary muons initiated by muon neutrinos that have traversed the Earth, i.e.,
with zenith angle less than 5° above the horizon, as a function of the energy they deposit
inside the detector. For each reconstructed muon energy, the median neutrino energy is
calculated assuming the best-fit spectrum. The colored bands (blue/red) show the
expectation for the conventional and astrophysical contributions. The black crosses show the
measured data. Additionally, the neutrino energy probability density function for the highest
energy event assuming the best-fit spectrum is shown (dashed line)

through going muons yields 5.60 significance at energies above 100 TeV [30]. The event energy distribution
and flux information is shown in Fig 2.9 and 2.10, respectively.

The data are well described by an unbroken power law flux with a normalization at 100 TeV neutrino
energy of 0.90x 10~ 18GeV " tem~2s~'sr~! and a spectral index of v = 2.13. The neutrino energy contributing
to the flux measured from through going muons covers the range of 200 TeV to ~ 9 PeV.

The measured flux shows a harder spectral behavior in comparison with the starting event analysis, that

presented the soft spectral index of —2.58. This tension is discussed more in section 2.4.
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Figure 2.10: Best-fit neutrino spectra for unbroken power-law model, The line widths (blue, red)
represent the one sigma error on the measured spectrum where the green line represents the
upper limit on the prompt model [32]. The horizontal width of the red band denotes the
energy range of neutrino energies which contribute 90% to the total likelihood ratio between
the best-fit and the conventional atmospheric-only hypothesis. The black crosses show the
unfolded spectrum from HESE-4 sample [29].

2.4 Understanding cosmic neutrinos

In summary, both methods for selecting cosmic neutrinos harvest about 10 events per year, more if one
tolerates a modest background. The observed flux is consistent with the isotropic arrival direction and equal
contribution of all flavors of neutrinos [33]. Although no correlation has been yet found to the galactic
plane, a subdominant galactic contribution cannot be excluded. Interestingly, measurement of the flux with
events with energies above 1 TeV [34] suggests that at the cosmic neutrino flux dominates the atmospheric
background above an energy that may be as low as 30 TeV, with an energy spectrum that cannot be described
as a single power as was the case for the muon neutrino flux through the Earth for energies exceeding 220
TeV. This observation is reinforced by the fact that fitting the cosmic neutrino flux in different ranges of
energy yields values for the power-law exponent that are statistically inconsistent. This inconsistency is
shown in Fig. 2.11. The conclusion to be drawn is that the astrophysical flux measured by IceCube is not

featureless.
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Figure 2.11: Results of different IceCube analyses measuring the astrophysical flux parameters. The
contour lines show the 90% confidence level [29].

Neutrinos are produced in association with cosmic rays beams. It is straight forward to apply the multi-
messenger connection discussed in Sec. 2.1 to the flux observed by IceCube. Fig. 2.12 shows the gamma
ray flux accompanying the observed neutrino flux for the case of pp interaction at the cosmic beam dump.
The black and red lines show the neutrino and gamma ray spectra after accounting for the cascading of
the PeV photons in cosmic radiation backgrounds between source and observation. The black line shows
an E~2'15 neutrino spectrum with an exponential cutoff around PeV. This scenario actually matches the
extragalactic isotropic diffuse gamma-ray background measured by Fermi [35]. This indicates that the
contribution of gamma rays accompanying IceCube neutrinos to Fermi’s extragalactic flux is significant,
suggesting a common origin of some of the sources at some level.

The arrival direction of high-energy neutrinos and its uncertainty is shown in Fig. 2.13. No statistically
significance clustering of the events has been found, and the arrival directions are compatible with the

isotropic distribution [33]. Also searches for association with the Galactic plane has not shown any correlation.
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Figure 2.12: The figure shows that the astrophysical neutrino flux (black line) observed by IceCube
matches the corresponding cascaded gamma ray flux (red line) observed by Fermi. It is
assumed that the decay products of neutral and charged pions from pp interactions are
responsible for the non-thermal emission in the Universe [36]. The black data points are
combined IceCube results, including the three-year HESE analysis and a subsequent analysis
lowering the energy threshold for events starting in the detector even further [34]. Also
shown is the best fit to the flux of high-energy muon neutrinos penetrating the Earth [29]

The more delicate search for the point sources in IceCube has been performed by using through going
tracks. These searches has not yet found any evidence for a hotspot in the sky. For the latest results on the

point source studies in IceCube, see [37].
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Figure 2.13: Arrival direction of neutrinos in four years HESE [33] in Galactic coordinates. The red x’s
are muon tracks, and the blue crosses represent cascades. The blue circle around cascades
shows median angular uncertainty of the events. The dashed line (gray) is the horizon for
IceCube at the geographic south pole. The size of the x’s and crosses is scaled by events
energies.
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Chapter 3

Searching for the sources of cosmic neutrinos

In this chapter, we investigate the correlation of high-energy cosmic neutrinos with catalogs of gamma
rays and cosmic rays. The catalogs here are chosen based on the expected association of neutrinos with cosmic
ray accelerators and simultaneous production of gamma rays and neutrinos. The strategy of searching for
neutrino point sources is to look for spatial clustering in the arrival direction of neutrinos; to find any
excess over the expected isotropic distribution of background. The technique used by IceCube to search for
point sources is described in [38, 39]. In this method, an un-binned maximum likelihood is used to look
for spatial clustering of the events. Significances are estimated by repeating each hypothesis test on data
sets randomized in right ascension, which provides robust p-values that are largely independent of detector
systematic uncertainties.

So far, IceCube searches for sources of astrophysical neutrinos have not led to any evidence of a hot spot
in the sky. For recent results of IceCube point source searches, see [37]. These searches use through going
tracks from both hemispheres because of their finer angular resolution and higher statistics compared to
starting events sample.

Here, we use the events from four years of HESE to search for any possible correlation with cosmic rays
and gamma rays. For this purpose, instead of looking for the possible association of individual sources in
the catalog with high-energy neutrinos we do a stacking search of the events to find the level of any possible

correlation.
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3.1 Point source study

Stacking multiple sources in neutrino astronomy has been an effective way to enhance discovery potential

and further constrain astrophysical models [40, 41]. The stacking likelihood is defined as

events M N W N n
— s gl ~
L) = ] ( j NSt BZ> (3.1)

i
where B; represents the isotropic background probability distribution function (PDF), and the signal
PDF, S;, describes the directional uncertainty map for each event. N is the total number of events in the
data sample and ng is the number of signal events, which is a free parameter. M is the number of sources
in the catalog and w; is the normalized theoretical weight for each source. This weight could correspond to
properties such as flux and distance.
In general, the likelihood could also be a function of the spectral index, which we do not consider here
for the sake of simplicity.
The signal PDF S; incorporates directional information about each individual event and it depends on
the angular uncertainty of the event, o;, and the angular difference between the reconstructed direction of
the event and the source:

S =8|z — x5],04), (32)

3

This function is modeled as a two-dimensional gaussian

1 lz; — a2
Sz(‘xl - ‘Tj‘vo—i) = 271’0'»2 €xXp (_ 202] ) (33)

Since we are using HESE neutrinos in this study, we consider the background PDF, B; to be uniform
through the whole sky i.e., B; = 1/4x, as is done for the point source studies for HESE sample, see [28].

After maximizing and determining the best fit number of signal events 71, the test statistic (T'S) is defined
as the log likelihood ratio between the null and alternative hypothesis. In this case, the null hypothesis is
that all events are generated from the isotropic background distribution, that is ns = 0. The alternative

hypothesis is the neutrinos originate at set of considered sources with strength ng. The TS is calculated via:

TS =2log [c(iiﬁi)())} (3.4)
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The significance of an observation is determined by comparing the TS to the TS distribution from data
sets randomized in right ascension. The TS distribution for randomized data sets represents the probability a
given observation could occur by random chance with the given data. For large sample sizes, this distribution
approximately follows a chi-squared distribution, where the number of degrees of freedom corresponds to the
difference in the number of free parameters between the null hypothesis and the alternate hypothesis.

In the following we test the correlation between HESE neutrinos and ultra high energy cosmic rays from
Pierre Auger Observatory and Telescope Array, the catalog of TeV gamma ray emitters, and the Vernon

Cetty-Vernon catalog of Active Galactic Nuclei.

3.2 Correlation study with ultra high energy cosmic rays

Finding the sources of cosmic neutrinos was one of the primary reasons to build IceCube. Here, we used
the arrival direction of ultra high energy cosmic rays observed by Pierre Auger Observatory and Telescope
Array to investigate the correlation between them and observed high-energy neutrinos in four years of HESE.

In this search we study the correlation of each data sets separately.

3.2.1 Ultra high energy neutrinos from Pierre Auger Observatory

Here, we use the arrival direction of the cosmic rays with energies higher than 55 EeV reported by Auger
collaboration [42]. This data set includes 69 ultra high energy cosmic rays observed in five years of detector
operation. Arrival direction of Auger cosmic rays and HESE neutrinos are shown in Fig. 3.1.

Using the likelihood and test statistics described 3.1, we find the p-value for the correlation of Auger
ultra high-energy cosmic rays and IceCube HESE neutrinos to be 0.13. The distribution of test statistics
is shown in Fig. 3.2. The p-value indicates the correlation is at a level of less than 20 and the test shows

compatibility of the sample with the null hypothesis: isotropic background distribution of the events.

3.2.2 Ultra high energy neutrinos from Telescope Array

Telescope Array collaboration reported observation of ultra high-energy cosmic rays with energies greater
than 57 EeV [43]. These data set is somehow complementary to the data observed in Auger, since it covers

the northern sky. The sample contains 72 events from five years of observation. It is worth mentioning that
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Galactic

Figure 3.1: Arrival direction of ultra high-energy cosmic rays (orange stars) from Pierre Auger
Observatory [42] and the arrival direction and median angular uncertainty of high-energy
neutrinos (dark blue) in four years of HESE (’x’: tracks, *+’: cascades)

10°F - - -
— (Observed test statistics

2 10" — scrambled trials
«©
E
w 107}
o
)
2107
&)
©
m 1074}

1071

0 5 10 15 20 25 30

Test Statistic

Figure 3.2: Distribution of test statistics results for scrambled data sets (black) for stacking likelihood
test for Auger ultra high-energy cosmic rays. The red line denotes the observed test statistic.

the Telescope Array collaboration reports observation of a hotspot in these, with 20 degrees extension [43].

The arrival direction of ultra high-energy cosmic rays from Telescope Array are shown in Fig. 3.3.
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The result of stacking likelihood analysis for these cosmic rays implies compatibility of the arrival direction
of neutrinos with isotropic distribution and does not favor association of HESE events with Telescope Array’s
cosmic rays. The observed test statistic is about 0.1, which leads to p-value of 0.15. The distribution of test

statistics for trials is illustrated in Fig. 3.4.

Galactic

Figure 3.3: Arrival direction of ultra high-energy cosmic rays (red stars) from Telescope Array
Observatory and the arrival direction and median angular uncertainty of high-energy

neutrinos (dark blue) in four years of HESE (’x’: tracks, '+’: cascades)
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Figure 3.4: Distribution of test statistics results for scrambled data sets (black) for stacking likelihood
test for Telescope Array ultra high-energy cosmic rays. The red line denotes the observed test
statistic.

3.3 Correlation study with TeV gamma ray emitters (TeVCat)

The catalog of TeV gamma ray emitters (TeVCat) [44] is collected from observation of gamma ray
observatories such as VERITAS, MAGIC, Whipple, HESS, Milagro, and etc. This catalog includes starburst
galaxies, blazars, radio galaxies, pulsar wind nebula, molecular clouds, supernova remnants, and unidentified
sources. From the view point of multi-messenger connection, it is expected that high-energy neutrinos with
energies greater than tens of TeV share common origin with the TeV gamma ray emitters. Therefore, we
search for any possible correlation of high-energy neutrinos with TeVCat sources. It should be noted that
TeVCat is not a uniform, complete data set and most of the observations from gamma ray observatories are
based on follow up observations. The location of the sources in TeVCat is shown in Fig. 3.5 with the arrival
direction of HESE neutrinos.

Stacking likelihood analysis of TeVCat sources and high-energy neutrinos results in a p-value of 0.98.
Implying that no association of observed neutrinos with TeV emitters identified in TeVCat has been observed.

The distribution of test statistics in this search is shown in Fig. 3.6.
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Galactic

Figure 3.5: Position of TeV gamma ray emitter from TeVCat [44] (red stars) and the arrival direction
and median angular uncertainty of high-energy neutrinos (dark blue) in four years of HESE
(’x’: tracks, '+’: cascades)
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Figure 3.6: Distribution of test statistics results for scrambled data sets (black) for stacking likelihood
test for TeVCat sources. The red line denotes the observed test statistic.
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Figure 3.7: Association of ultra high-energy cosmic rays with active galactic nuclei [45]. The circles of
radius 3.1 degrees are centered around arrival direction of ultra high-energy cosmic rays from
Pierre Auger Observatory. Red asterisks show the position of active galactic nuclei with
z < 0.18 from VCV12.

3.4 Correlation study with Vernon-Cetty Vernon catalog of AGN and Quasars

Active galactic nuclei are one of the few candidates for acceleration and production of ultra high-energy
cosmic rays. An evidence for correlation between the arrival direction of ultra high-energy cosmic rays and
the local active galactic nuclei (with redshift smaller than 0.18) was reported by Pierre Auger collaboration
[45], see Fig. 3.7. Although this correlation has weakened in further years of observation [42], such association
is expected provided that active galactic nuclei were the sources of ultra high-energy cosmic rays.

Here, we use Véron-Cetty Véron catalog of active galactic nuclei and quasars (VCV13) [46] that Auger
collaboration used in their search to study the correlation with high-energy neutrinos. We also restrict to
sources with redhift smaller than 0.18 (75 Mpc), which is the horizon for ultra high-energy cosmic rays to
reach earth.

Arrival direction of high-energy neutrinos and the position of active galactic nuclei from VCV13 is shown
in Fig. 3.8. Stacking likelihood analysis does not show any correlation between VCV13 active galactic nuclei
and HESE neutrinos. This indicates that no correlation with a statistical significance exist between the two

sets. Fig. 3.9 shows the distribution of test statistics.
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Galactic

Figure 3.8: Position of active galactic nuclei with z < 0.18 from VCV13 [46] (corals stars) and the arrival
direction and median angular uncertainty of high-energy neutrinos (dark blue) in four years
of HESE (’x’: tracks, '+’ cascades)

10°

== (bserved test statistics
— scrambled trials

Fraction of trials

T,

0 5 10 15 20
Test Statistic

Figure 3.9: Distribution of test statistics results for scrambled data sets (black) for stacking likelihood test
for VCV13 catalog of active galactic nuclei. The red line denotes the observed test statistic.
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Chapter 4

High energy neutrinos from radio galaxies

4.1 Introduction

Active Galactic Nuclei (AGN) have long been discussed as one of the few possible source classes being
able to accelerate particles up to the observed maximum energies of around 10%° — 10%! eV [47]. There exist
different acceleration scenarios and the unified AGN model allows for different sub-AGN/classes to possibly
be the dominant source of ultra high-energy cosmic rays. Both intrinsic properties as well as the orientation
of the objects play a role in this respect. For a summary of a discussion concerning AGN sub-classes as
neutrino emitters, see [14]. A schematic representation of AGN classes in the unified scheme is shown in
Fig. 4.1. In particular, radio loud AGN are typically discussed as interesting candidates: although these
only make up a fraction of about 10% of the entire AGN population, they have very powerful radio jets, not
provided by radio quiet galaxies like Seyferts. Among radio loud galaxies, FR-I and FR-II type AGN are
among the most prominent candidates, having powerful radio jet and being very frequent among the radio
loud class of AGN.

As mentioned in Chapter 3, a first hint of an anisotropy in the ultra high-energy cosmic rays distribution
at Earth was announced in [45], where ultra high-energy cosmic rays above 6 x 10° eV appear to show
some correlation with the distribution of local AGN (within a distance of ~ 75 Mpc): as the flux of ultra
high-energy cosmic rays at larger distances is expected to be absorbed at those energies by interactions with
the Cosmic Microwave Background (CMB), such a clustering would be expected if AGN are the sources
of ultra high-energy cosmic rays. Although there has not been a clear confirmation of the signal yet, the

anisotropy persists at a low level and the nearest AGN Centaurus A - an FR-I type AGN - is discussed to

This study has been published in J. Becker Tjus, B. Eichmann, F. Halzen, A. Kheirandish, and S. M. Saba, Phys. Rev., vol.
D89, no. 12, p. 123005, 2014
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be responsible for a large fraction of the correlated events [48, 49]. The detection of high-energy gamma
rays from Centaurus A [50, 51, 52] could be another hint for pion production in AGN, see e.g. [53], but it is
not yet confirmed if the origin of the gamma rays is of hadronic or leptonic nature. Neutrinos, on the other
hand, must be of hadronic origin and observation of high-energy neutrinos provides a unique opportunity to
identify the sources of ultra high-energy cosmic rays.

Cosmic rays have been discussed to be able to be accelerated at different sites in AGN. Their acceleration
in AGN cores would lead to photo-hadronic production of neutrinos [54, 55]. Shock acceleration in knots of
AGN jets as they are observed in FR-I galaxies, or in the termination shock of the jet with the intergalactic
medium as seen in FR-II galaxies, have been discussed as possible cosmic ray acceleration sites, see e.g.
[47, 56, 57, 58]. These sites are connected to a specific column depth, and so, cosmic ray and gamma ray
interactions with matter are an inevitable consequence of each acceleration scenario.

Only radio galaxies and proton-proton (pp) interactions are considered here. Photo-hadronic emission
could potentially lead to an additional contribution to the neutrino flux at higher energies. This, and the

uncertainties associated with photo-hadronic interactions will be discussed at the end.
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Figure 4.1: Schematic representation of AGN classes. The type depends on the viewing angle, and the
power of the AGN. Graphic courtesy of Marie-Luise Menzel.
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4.2 The neutrino flux at the source

Pions are produced in proton-proton interactions via p p — 7%/% and neutrinos are produced subsequently
via the decay of the charged pions. In the following calculation the formalism introduced in [59] has been used
to estimate the neutrino flux. It should be noted that Monte Carlo approaches like SIBYLL, QGSJet, EPOS
or DPMJet provide much more detailed and up-to-date particle physics. However, the uncertainty included by

using the analytic approximation is rather small when compared to the astrophysical uncertainties. Therefore,
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the delta-functional approach is used here. In the approach sketched by [59], the cross section for proton-

2

proton interactions is assumed to be constant, op, ~ 310725 cm? and the pion production efficiency of

protons with an energy F, that is above the threshold energy Eiy is given as

B Ey— Eg\

The number of pions per energy and time interval ¢+ (E;) is related to the proton rate g,(Ep, 7) as

Int = /Oo dEy &t 6 (Ex — (Ex)) /OT dr’ qP(T/) ) (4.2)

Ein
where it is assumed that all energy is going to the average pion, E, ~ (E).
Proton rate is determined by ¢, (¢, 7) = jp(€) exp(—7), where j,(€) is the undamped rate j,(¢€), and 7 is

the optical depth. Therefore pion rate at the source is described as:

Int = /Oo dEy (1 — exp(—7)) jp(Ep) &t 6 (Ex — (Er)) - (4.3)

En
Approximating for low optical depths, 7 =1-n - op, < 1, then

o0
ot =16 -ng -1 opp - de jp&rt 6 (Er — (Er)) . (4.4)

Ein
using n =~ 1.6 ngr, which takes H-I, H-IT and Hy as well as He into account [59]. As discussed in [60], assuming
only protons here does not change the results since different composition scenarios lead to scaling of the cross
section. Here, [ is the length scale the cosmic rays traverse through the dense medium. The product of the
density and the length scale can be abbreviated as the column density, Ny = [ - nyg. The threshold energy

is close to the proton mass and is approximated to be Eiy, ~ my, 2.

The differential proton number per energy and time interval at the source is

. e—my-c2\ "
ol = Ay () (15)
2\ 3/4
Substituting = := (E;) = % (W) GeV gives a pion spectrum at the source of

6 - Eﬂ)—é(l’—é)

Qn+(Er) ~26- Ng - Ap - opp (GeV

(4.6)
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The total neutrino rate at the source is then given by the sum of the first muon neutrino (directly from

the pion), the second muon neutrino and the electron neutrino, both from the muon decay,

Qu,tot = Q£i) + q(2) + qv, - (47)

Yu

The neutrino spectra are received from the pion spectrum by assuming that the total energy of the pions

is distributed equally among the four produced particles

@0, (Ey,) = @z (4 Ey,)dEr [dE,, =4 - q:(4 E,,) (4.8)

for each neutrino, v; = U./ve, v, V. Here, it depends on the charge of the pion if an electron or an
anti-electron neutrino is produced. As IceCube does not distinguish between neutrinos and anti-neutrinos,
we will neglect this piece of information in the following.

The total neutrino rate at the source becomes

o

(4.9)

24-B,\ 5"
GeV )

qV,tot%3~102~NH~Ap.Jpp.<

Equation 4.9 now provides the total neutrino flux at the source. The spectral behavior of the protons
can be estimated from diffusive shock acceleration and is taken to be p = 2 here. The main free parameter
in this calculation is the column density, Ny. The proton normalization for a radio galaxy can be estimated

from radio observations as discussed in the next section.

4.3 Cosmic ray normalization

The normalization of the cosmic ray spectrum can be estimated from the following considerations: The
radio luminosity of AGN, L, provides a measure for the AGN luminosity in electrons. The electron luminosity
is equal to or larger than the radio luminosity of the source, as the latter is produced when electrons are
accelerated and emit synchrotron radiation: L, = x - L with x > 1.

Hadronic cosmic rays and electrons are connected via a constant fraction fe: Le = fe - Lp,

L
L,= /jp(e)ede% Xz (4.10)

Je
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Therefore, for p = 2, the normalization of the CR spectrum is:

AP AP(L Z) % ' [ln (Emax/Emin)]_l - L GeV72 (411)
For the case of p # 2,
A Ap(L,z) =X ! (4.12)
P ’ fe -p+2 ’
E —p+2 E. —p+2
( GeV ) B <GeV) ]
L-GeV™

The uncertainties in the parameters of this result will be discussed later.

4.4 The diffuse neutrino flux from AGN

The diffuse neutrino flux at Earth is given as

Qupot  dnagn dV
C— L. 4.1
//47rdL 2 avar a4 (4.13)

Here, dy, is the luminosity distance, dnagn/(dV dL) is the radio luminosity function of the AGN and
dV /dz is the comoving volume at a fixed redshift z. The radio luminosity function is usually represented
by the product of a luminosity-dependent and a redshift-dependent function, duagn/(dV dL)= g(L) - f(2).
Including the single source flux Eq. 4.9 and the representation for the cosmic ray spectrum normalization

given in Eq. 4.11, the diffuse neutrino flux can be parametrized as

—3p+3
Py =G G (L (G V) : (4.14)
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Here, the adiabatic energy losses is taken into account by E, = (1 + z) - E, o, with E, as the energy at

the source and F, o the energy at the detector.The above introduced factors represent:

(o ~ 24-107%.247 3P+ GeV 2

Emax —p+2 i —p+2 1
77 [( c) - (&) } forp # 2
1
N {%} forp =2
X Ny
(f> . <102OCH12> (4.15)
Lmax
L= / g(L)- LdL -
Lmin
Zmax 1 dV
z = B . - d . 4.17
¢ /me 4md? - (1+ Z)gp_5 f(2) e z ( )

Above, it is assumed that the energy range is In (Epax/Emin) =~ 6, assuming approximately 3 orders
of magnitude between minimal and maximal energy. This range corresponds to the observed ultra high-
energy spectrum and probably extends towards lower minimal energies, but as the behavior is logarithmic,
the expected changes are rather small and are neglected here. The neutrino rate from one single source is
transformed into a flux at Earth by dividing by 1/(47d%) as we derive the flux from a radio luminosity
given at the source. Hence, no additional redshift factor, but the redshift-dependent luminosity distance is

needed, as this distance measure is defined to transform from luminosities at the source and fluxes at Earth.

4.4.1 Radio Luminosity Function

The radio luminosity function is expressed as the product of a redshift dependent part, f(z) and a

luminosity dependent part, g(L),

dnaaN
var = (&) 9(L). (4.18)

Depending on what sub-class of AGN is considered, the behavior of the radio luminosity function can
vary. As mentioned earlier, FR-I and FR-II galaxies are studied here.

Concerning FR-T and FR-II galaxies, Willott et al. [61] provide luminosity functions for (2, Q24) = (1, 0)
and (Qu, 24) = (0, 0). As the authors argue that their results for (Qu, 24) = (0, 0) even reproduce a

ACDM cosmology with (Qu, Q4) = (0.3, 0.7), we use their results for the (2, 24) = (0, 0) cosmology,
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model C in the paper. For other redshift-dependent factors entering the calculation, we use a ACDM
cosmology with A = 0.7 and (2, Q) = (0.3, 0.7).
The reference luminosity given at 0.151GHz and per steradian by [61] is converted into a total luminosity

by multiplying with the frequency, 0.151 GHz and integrating over 4.

4.4.1.1 FR-I galaxies

Generally, the luminosity-dependent part behaves as

g(L) = ln(llO)L po - (LL*) - exp [(LL*)B] (4.19)

Parameters for FR-I galaxies are po rpr—r = 1077523 Mpc—2 Alog(Lis1), a = 0.586, Lirr-1 =

104276 erg/s and 8 = 1. FR-II galaxies have the parameter setting po pr—rr = 10=6:757 Mpc—3 Alog(Lys1),
apr—11 =242 and Ly pr_rr = 104357 erg/s and g = —1.

The redshift dependence is parametrized as

(14 2)7 for z < zoFrr-1
frr-1(2) = (4.20)
(14 z0,pr—1)" for z>zorpr_1

where 2o pr—1 = 0.710 and = 3.48. Therefore, for FR-I galaxies

7.8 -10%7 GeV /(s Mpc?) (4.21)

CL,FR—I

Ce.pr—1 = 240Mpc/sr (4.22)

The redshift-integrated factor ¢, pr—; (and later also (, pr_sr) is calculated in a ACDM cosmology,

(s Q20) = (0.3, 0.7) with b = 0.7.

4.4.1.2 FR-II galaxies

The radio luminosity function for FR-IT galaxies similarly to FR-I galaxies, but with other parameters,

grr-11(L)) = m po - (i)a - exp [_LIJ . (4.23)
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Most importantly, the luminosity power-law dependence behaves inversely for the two samples. While
FR-I galaxies become more frequent towards lower luminosities, the FR-II radio luminosity function cuts off
at L, and has a dominant contribution towards high-luminosity sources. This behavior reflects the division
of FR-I and FR-II galaxies by their luminosities, FR-II galaxies representing the high-luminosity sample with
dominant emission from the lobes, FR-I galaxies representing the low-energy sample with the main emission
along the central part of the jet.

The redshift dependence for FR-II galaxies is given as

2
exp | —1 {Z_ZOZ%] for 2z < zorr—11

frr-n(2) = 2 (4.24)
exp | —3 {Z_ZOZ%] for 22> zo,rr—11

Parameters for the redshift dependence of FR-II galaxies are zp pr—r;r = 2.03, 21,rr—r1 = 0.568 and

29 Fr—11 = 0.956. Therfore, for FR-II galaxies

CL,FR*II = 16- 1039 GGV/(S MpCS) (425)

Cz,FR—II = 4Mpc/sr. (426)

4.4.2 Doppler Boosting

Effects due to possible Doppler boosting cancel out in this calculation: the radio luminosity used in order
to determine the proton density of the source is measured in the observer’s frame. Thus, the additional factor
based on the transformation of the luminosity from the observer’s frame to the frame of the source vanishes
due to the inverse transformation of the neutrino flux from the source to the observer’s frame. Effects of
area transformation cancel out as well, as the radio luminosity per steradian is transformed into a luminosity
by multiplying by an opening angle of 47 and then divide by the same factor to account for the fraction of

neutrinos that reaches Earth. Both factors scale with the boost factor in the same way.
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4.5 Constraints on cosmic ray acceleration regions

Considering certain class of AGN as responsible for the IceCube diffuse flux, the total neutrino flux per

flavor must match the observed flux,

1/ E,0)\>
3((3«:\0/) ®, 1.2-1078GeV 'em 25 tar ! (4.27)

- %'CC'CL'Cz- (4.28)

Here, the measured flux is given per flavor. Comparing Eq. 4.28 with the prediction from Eq. 4.14, the

column density of the interaction region in this scenario is constrained to

100
N _; A~ 10245710 fe ) (100 -2 4.29
H,FR-I 0.06) \y )™ (4.29)
) 100
Nigprrg ~ 102005510 (e ) (1000 oz 4.30
H,FR—II 0.06 X cm ( )

using realistic parametrizations for f. and x as shown in the following. The uncertainty estimate of about
one order of magnitude is a combination of the uncertainties attached to the central parameters which is

discussed in the following section.

4.6 Quantitative discussion of uncertainties

Main parameters and their uncertainties, which could be on the order of a factor of a few, are discussed

in the following paragraphs.

4.6.1 Electron-to-proton luminosity ratio f,

Assuming that AGN are the sources of ultra high-energy cosmic rays, the ratio between electron and
proton luminosity, f. can be estimated empirically by comparing the average energy density rate, g, (units:
erg/(Mpc?- yr)) that is obtained from integrating over all synchrotron output from AGN, using the RLF
mentioned above; and pcr which is found by integrating over the observed CR spectrum from EI’;’““. For
E;)nin ~ 3-10"® eV, f. ~ 0.01 (FR-I) and f. ~ 0.4 (FR-II). Such an approach is common to use in order to
correlate possible cosmic ray sources with the observed flux of cosmic rays, see e.g. [62]. While [62] apply

this strategy to gamma ray bursts, we use it for FR-I and FR-II galaxies.
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From theoretical considerations (see e.g. [63]), for equal spectral indices of electrons and protons at
injection, the ratio of the luminosities should be f. = (m./m,)®~1/2 ~ 0.02 for a primary spectral index
of p = 2. While this value is subject to change in case of spectral indices deviating from p = 2, the ratio
is certainly to be expected to be f. < 1. Thus, the values received for FR-I or FR-II galaxies respectively,
seem to be a realistic range: 0.01 < f. < 0.4.

As it is extremely difficult to pinpoint the exact value, f. = 10712 is used, so that a symmetric uncertainty
Af. = 10108 is obtained. Thus, a higher value of f. would lead to a density increase, so the density could

become at maximum a factor of 6 higher.

4.6.2 Radio-electron correlation y

In the above calculation, it is assumed that the electron luminosity corresponds to a factor of a few of
the observed radio luminosity, where x = 100 is chosen. It is clear that synchrotron radiation from electrons
is distributed over a wider energy range and that not necessarily all energy is radiated. Assuming that the
relativistic electrons have a power law distributed energy with a spectral index p and predominantly lose their
energy via synchrotron emission, x is subsequently determined by the ratio of electron and radio emissivity.
In the case of p = 2 the electron emissivity (in units of eV ecm™3 ster™! s71) yields pe o In(Vmax/Vmin),
where Ymin and Ymax is the minimal and maximal Lorentz factor of the electrons, respectively. The radio
emissivity praqio is determined by integrating the synchrotron emission coefficient in the radio band, i.e.
between vy, = 100 MHz and v, = 5 GHz. Since the radio emission is determined by the rising part of the
synchrotron emission spectrum, the spectral synchrotron power is accurately approximated by [64], P(v, v) =
1.19 Py (v/(vs v2)Y3 Hlvsy? —v], with Py = 2.64x1071°(B/1G)eVs~'Hz ! and v, = 4.2x10° (B/1 G) Hz.
Thus, the spectral cut-off by the Heaviside function yields in the case of p = 2 and I/S’ygnax > Vmax > Vmin

the following three different x-dependencies

(a—0b)~1, for vs 2., < Vmin s
_ _pe 327 mec? Vs% I (ma/omin) 4 RN ) 2 (4.31)
pradio 3P0 Cs+as—bs) ™, for vmin < Vs Yy < Vinax
d-1, for vsv2,, > Vimax »

with the synchrotron cooling timescale 7o = 7.7 - 10® (B/(1G))™?s.
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The parameters are

a= VS% In (Vmax/Vmin) (4.32)
_s 4 4
b= %’Ymé?x (Vr%ax - V&in) , (433)
_s8 _s 4 4
d= % (“me; - vmagx) (Vﬁ’aax - v;;in) ; (4.34)
4
as = V3 In (Vmax/(VsV2im)) (4.35)
_s8 4
bs = %'Ymgx (Vr%ax - (Vs’}/?nzn)%) 5 (436)
_s _s 4
ds = % (,yr‘m; - 7m2§x> ((Vﬁvfnin)% - VIS‘ﬂiI]) . (437)

The above equations indicate that the spectral cut-off by the Heaviside function yields three different
x-dependencies at (1.) Vs < Vmin Vs (2-) Vinin Vimin < Vs < Vmax Y a0d (3.) Vs > Vinax Yty

Consequently, x depends on the magnetic field strength of the considered emission area, where B generally
decreases with increasing distance from the central engine of the AGN and therefore varies between some
mG to a few kG.

Figure 4.2 shows the dependence of x on the magnetic field strength for different choices of 7, and
Ymax- Since FR-I and FR-II galaxies emit a significant amount of energy at radio energies, the electrons
are expected to cool down till a minimal Lorentz factor vy, < \/m ~ 103/2 (B/1 G)l/Q, so a value
somewhere in between Yy, = 1 — 10. The maximum energy reached in the acceleration process itself (not

= 10'9%1 i order to explain the observed cosmic

including losses, only acceleration) must be around Jmax
ray spectrum which reaches up to Ecr,max ~ 10%° eV. This maximum energy, if dominated by iron, could
be a factor of Z = 26 lower for protons due to the dependence of the acceleration process on the charge
Z. Thus, a range of Ymax = 10° — 10! seems plausible. The uncertainty of the maximal Lorentz factor of
the electrons produce only an uncertainty factor of about Ay ~ 10%%2. The choice of the minimum of the
Lorentz factor determines at which critical magnetic field strength B, the factor x goes from being constant
to increasing with a power-law, see Fig. 4.2. At the most extreme case of Yy, = 1, x becomes significantly
larger from B, ~ 10 Gauss, for v, = 10, the relation between y and B stays approximately constant within
a factor of 2 below B < 30 Gauss.

Therefore, x is constant around 100 for magnetic fields of B < 10 Gauss and that it increases at higher
magnetic fields. This behavior is taken into account in the interpretation of the results. In general, x is

02i0.2

around 1 and independent of the magnetic field strength when the emission region is at a distance
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Figure 4.2: Dependence of the factor y on the magnetic field strength B. Uncertainties from the primary
electron spectrum, i.e. maximum and minimum Lorentz factor v, lie below 1092,

of more than about a parsec from the central engine of the AGN due to the correlated B-regime where

2
Vs Ymin < Vmin-

4.6.3 Radio Luminosity Function

The two AGN sub-classes used here, FR-I and FR-II galaxies, represent the two most extreme scenarios
of source evolution, one population having a large contribution from low-luminosity sources, one being
focused on high-luminosity sources. The final result is still somehow compatible, as the differences in redshift
dependence and luminosity dependence cancel out. If one separately considers the differences in the results
for (7, and (., there is a factor of ~ 10 variation in each of the factors. When comparing the same source
classes, the uncertainties are expected to be much smaller, on the order of a factor of ~ 2 — 3 for the product
of {5, and (,. The main reason is that both factors are mainly dominated by the integration limits, as

they have very strong evolving integrands. So, changing the functions themselves does not change too much
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in the total result. We thus apply a maximum of a factor of 3 uncertainty from this, so 107*%-> where

n =1log[(¢. - ¢1)/(GeVMpce 2s~tsr—1)] for FR-I and FR-II galaxies.

4.7 Results

In the previous sections, it was showed that proton-proton interactions can produce a neutrino signal of
a given strength for a fixed combination of magnetic field strength B and column depth Ny = ng - [ at
the source. Uncertainties in the calculation of approximately one order of magnitude are applied using an
uncorrelated Gaussian error estimate to combine the uncertainties in the parameters discussed above. This
constrains the possible acceleration site in the (B, Ny )-space.

The results are shown in Fig. 4.3. The shaded band represents the parameter space for (Ngy, B) derived
from the IceCube observations, applying the above-discussed error of 10¥'¥ to the region in which the
parameter Y is constant, i.e. for B < B, as discussed before. At higher magnetic fields, we show the range
possible for 1 < ypin < 10.

The radio emission from electron synchrotron radiation, used to determine the neutrino flux, comes from
the knots in the case of FR-I galaxies and from the lobes for FR-II galaxies. We therefore compare the
shaded band for FR-I galaxies with the approximate parameters in the knots. For the calculation of the
column depth, assuming that a density of ~ 10° cm™3 and a knot size of 10~3 pc close to the foot of the
jet, see [58]. As the density decreases, the knot size increases with the distance z from the foot of the jet, so
that the column is expected to stay approximately the same. The most important contribution is expected
to come from the foot of the jet, see [65]. The magnetic field decreases with the distance along the jet z as
well, B(z) ~ By (2/z) ™! [66], see [65] for a discussion of neutrino production in that context. In the graph,
we indicate the highest magnetic fields, By ~ 0.1 —10 Gauss. For lower fields, which should be present along
the jets for large z [67], our results do not change. These considerations result in a possible parameter range
for FR-I galaxies of (Ng, B) = (10%**1cm?, 10%-5%0-5 Gauss). This realistic range of parameters for FR-I
galaxies is now compared with the allowed range if the IceCube signal should be explained by emission from
FR-I galaxies. This is shown in the left panel of Fig. 4.3. The knots fall right into the allowed region and
we therefore consider FR-I galaxies as a serious candidate as the sources for the detected IceCube signal.
The right plot of Figure 4.3, on the other hand, shows that FR-II lobes are far too less dense to produce the
signal. For the calculation of the column depth present in FR-II radio lobes, a density of 0.01 — 0.1 cm ™3 is

assumned, as the jets meet the intergalactic medium, and a lobe size of 10?2 — 10%® cm, see e.g. [68]. The
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Figure 4.3: Allowed parameter range for column density Ny and magnetic field strength B in FR-I (left
panel) and FR-II (right panel) galaxies. The dashed areas represent the regions derived
including uncertainties in the calculation, dominated by the parameters 7, x and f., as
discussed in the text. The encircled areas mark the approximate position of the knots and
lobes, producing the radio signal in the respective calculation.

approximate value of the magnetic field is taken from [67], i.e. (Ng, B) = (10*'*1em?, 1074+ Gauss) for
the lobes. Thus, proton-proton interaction in radio lobes of FR-II galaxies can be excluded as the sources of
the IceCube signal.

It should be noted that this discussion only includes proton-proton interactions, and does not take into
account photo-hadronic interactions of cosmic rays with ambient photon fields. In principle, proton-photon
interactions could contribute to a possible signal in the lobes, see [69] for discussion. As it is kinetically
necessary to produce the delta resonance, however, a relatively high-energy photon field needs to be present
in order to produce a high optical depth for the process. With the dominant electromagnetic emission coming
from radio wavelengths in the lobes, this seems rather unlikely.

In order to show what the results mean in terms of the absolute neutrino flux, the estimates for FR-I and
FR-II galaxies are shown in Fig. 4.4. For FR-I galaxies in the case of an E~2 spectrum, we use a column
of Ny ~ 10%*® and assume that the magnetic field on average is lower than 10 Gauss. Also a spectrum

corresponding to an E~22 proton injection spectrum is shown. Here, a column of 102 is used, required
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to approximately match the IceCube data. In this approximate way, the number is compatible with what is
expected from the observation of the column density from radio galaxies. The general result does not change
for an E~22 spectrum: FR-I galaxies are still well-compatible with the observations, while FR-II galaxies
have too low columns.

The flux is well-suited to explain the IceCube signal. Definitely, more tests are clearly necessary to prove
(or disprove) this model. A smoking gun would of course be the detection of the nearest point sources,
which would be M87 and Cen A [53], or possibly a stacked signal of the nearest FR-I galaxies, see [70] and
references therein. Further, future observations by IceCube will show if the spectrum really does persist
beyond PeV energies or if there is a cutoff at PeV energies. In the latter case, AGN can be excluded if the
flux should at the same time be associated with the production of ultra high-energy cosmic rays. In that
case, a cutoff in the spectrum should only be present at ~ 103 — 10* PeV. On the other hand, AGN models
are very well compatible with energy spectra slightly steeper than £~2. Gamma ray observations of Cen A
and M87 would even indicate a spectral behavior close to E~2-3 rather than E~2 (see [53] and references
therein).

For FR-II galaxies, we use the most optimistic case of a column depth of Ny ~ 10?2 ecm~2. It would be
extremely difficult to raise the level of this flux by tuning the parameters by the three orders of magnitude
needed to explain the IceCube signal. It is obvious from Fig. 4.4 that this emission scenario can be excluded
from the possible list of sources for the IceCube signal. This result supports the study of proton-proton
interactions in the lobes of Centaurus A, which are also discussed to be too weak to contribute significantly

to a neutrino signal [71].
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Figure 4.4: Expected neutrino flux for FR-1 galaxies (solid, red line) and FR-II galaxies (dashed, blue
line). For FR-I galaxies, an average value for the column depth of Ny = 10?45 cm~2 and a
magnetic field B < 10 Gauss are used, which are realistic parameters, see Fig. 4.3. In
addition, we show the potential flux, close to what is expected from IceCube if the measured
flux is steeper than E~2. Concretely, we show a proton spectrum of E~22, which translates
to a neutrino spectrum close to £~2-2%. For FR-II galaxies, we use the most optimistic
assumption of a column depth of 1022 cm =2 and a B-field of B < 10 Gauss.

4.8 Summary

The conditions required to prevail in an acceleration environment in FR-I and FR-II radio jets in order to
provide a cosmic ray interaction site which is capable of explaining the observed IceCube signal. Assuming
that leptonic and hadronic cosmic rays are accelerated at the same site at a constant luminosity ratio and
that the observed synchrotron radiation from AGN represents a part of the energy budget available in cosmic
ray electrons. The exact fraction of radio-to-electron energy depends on the magnetic field at the acceleration
site, which turns out to be one of the free parameters connected to the acceleration site. A second parameter
in the calculation is the column depth at the interaction site.

We estimated the uncertainties connected to the determination of the column depth in dependence on

— 10-12%08

the magnetic field. For the electron-to-proton ratio, this lies at f. The factor x is shown
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to be known within x = 10?*°2. For the luminosity and redshift factors, we have taken into account an

uncertainty of A((r, - ¢.) = 10%9% associated with the uncertainty in the luminosity function.

Considering the observed flux of high-energy neutrinos with IceCube at a level of 1073 cn?f\s/sr B, 3 , for
magnetic fields at the acceleration site of B < 10 Gauss, a column depth of Ny ~ 10?45 cm~2 (FR-I) and
Ny ~ 10%° em~2 cm~2 (FR-II) is needed in order to explain the observed astrophysical signal as coming
from FR-I or FR-II radio jets, respectively. For higher magnetic fields, the column depth must be lower. This

is an effect of decreasing contribution of the electron population to the flux radiated at radio wavelengths.

Here, we discuss two scenarios as examples:

1. Acceleration and interaction in AGN knots: with a column of ~ 10%**! ¢cm~2 and a magnetic field
of around 1 — 10 Gauss we find that AGN knots are well-suited to explain the observed signal with

proton-proton interactions from FR-I galaxies.

2. Acceleration and interaction in AGN lobes of FR-II galaxies: here, the column depth is too low

~ 102'%! ¢cm~2 at a given magnetic field of ~ 1074*!

Gauss in order to explain the signal with
proton-proton interactions. It might still be possible to produce the neutrino flux via photo-hadronic

interactions.

Determination of the spectral behavior with high significance will already help to further exclude source
models. The model presented here predicts that the neutrino spectrum persists up to far beyond PeV energies.
This condition comes from the assumption that these neutrinos are directly connected to the extragalactic
flux of ultra-high energy cosmic rays. If a cutoff at PeV energies is observed, the sources proposed here can
be excluded as a possible class for the detected neutrinos. In that case, starburst galaxies, with a cutoff
below or probably at 1 PeV would be an interesting alternative, see e.g. [65, 72].

Identification of point sources responsible for the so-far diffuse high-energy neutrino flux will ease the
investigate both the source class and the exact emission region within the specific source and by that identify
the sources of ultra high-energy cosmic rays. The relation between the diffuse neutrino flux and the contribu-
tion from point sources will provide information on the luminosity function of the sources of ultra high-energy
cosmic rays. Another important piece of information will be provided through the exact measurement of the
spectral behavior of the astrophysical flux.

Here, the focus was on radio galaxies. Another option would be to discuss blazars, where the boosted

emission of the jet by directly pointing towards the observer. A model of blazar emission is presented in [73]
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where the focus lies on the modeling of the photon fields and has difficulties to explain the IceCube results.
We refrain from modeling these blazars as well as the effects of photo-hadronic emission in order to keep
ourselves to as little parameters as possible: as for the blazars, both the luminosity function and boosting
effects lead to relatively high uncertainties. Concerning photo-hadronic emission scenarios, a primary source
of uncertainty comes from the composition of cosmic rays. For a large fraction of heavy nuclei, the neutrino
flux is significantly reduced with respect to a pure proton flux. In addition, the spectral shape of the
neutrino spectrum from photo-hadronic interactions is highly sensitive to the shape and bandwidth of the
target photon field. The main effect comes from the fact that a delta resonance needs to be produced.

The framework represented here for producing neutrinos in AGNs accommodates the diffuse flux observed
by IceCube; when the neutrino production happens in the relatively dense matter near the black hole. A
different scenario that argues radio galaxies are responsible for IceCube flux is presented in [74] where high-
energy cosmic rays are confined within the volumes of radio galaxies, where they interact with gas to generate
the observed diffuse fluxes of neutrinos and gamma rays. In yet another scenario, Wang and Loeb argue that

quasar driven outflows interact with interstellar protons to produce IceCube’s neutrinos [75].
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Chapter 5

High energy neutrinos from blazar flares

5.1 Introduction

The energy density of cosmic neutrinos measured by IceCube matches the one observed by Fermi in
extragalactic photons that predominantly originate in blazars. This has inspired attempts to match Fermi
sources with IceCube neutrinos. A spatial association combined with a coincidence in time with a flaring
source may represent a smoking gun for the origin of the IceCube flux. In June 2015, the Fermi Large Area
Telescope observed an intense flare from blazar 3C 279 that exceeded the steady flux of the source by a
factor of forty for the duration of a day. In this chapter, we study the prospects for IceCube to observe
neutrinos, if indeed hadronic in origin, from the flare in data that are still blinded at this time. We also
discuss other opportunities for coincident observations that include a recent flares from blazar 1ES 19594650
that previously produced an intriguing coincidence with AMANDA observations.

The higher statistics data observed by IceCube reinforce the observation that the flux is predominantly
extragalactic, and as mentioned before reveal a flux of neutrinos with a total energy density that matches
the one observed by Fermi in extragalactic gamma rays. This has bolstered the speculation that blazars,
which are responsible for the majority of Fermi photons, are the sources of cosmic neutrinos.

Blazars are a subclass of active Galactic nuclei (AGN) with collimated jets aligned with the line of sight
of the observer. With gamma-ray bursts, they have been widely speculated to be the sources of the highest
energy cosmic rays and of accompanying neutrinos and gamma rays of pionic origin. Recent studies with
the Fermi Large Area Telescope (Fermi LAT) have shown that blazars are responsible for more than 85%

of the extragalactic gamma-ray background (EGB) [76]. From that along with the fact that a gamma-ray

This study has been published in F. Halzen and A. Kheirandish, Astrophys. J., vol. 831, no. 1, p. 12, 2016.
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Figure 5.1: 50 discovery potential and sensitivity of IceCube in terms of mean number of signal events for
a source at declination 16° with E~2 spectrum [80].

flux from neutral pions, accompanying the flux of the charged pions responsible for the IceCube neutrinos,
matches the Fermi flux [77, 36], blazars emerge as a plausible source of cosmic neutrinos. Recent studies
have argued for a correlation between cosmic neutrinos and blazar catalogs [78]. Because blazars are flaring
sources coincident in time as well in direction, they provide a powerful opportunity to make the case for
such a connection, possibly with a single observation. The recent association of the second highest energy
neutrino event of 2 PeV with the blazar PKS B1424-418 provides an interesting hint in this context [79].

It is worth mentioning that in principle, temporal coincident neutrino with a transient source will provide
a more statistical power to pinpoint the source of high energy neutrinos thanks to the lower background rates.
Fig. 5.1 shows the discovery potential for transient sources with respect to the flaring time. It is easy to see
that even observation of few events coincident in time meets discovery potential criteria.

The blazar spectral energy distribution generically has two components with two peaks in the IR/X-
ray and the MeV/TeV photon energy ranges. The two components can typically be described in leptonic
and hadronic scenarios where the acceleration of electrons and protons, respectively, are the origin of the

high-energy photons. In the leptonic scenario, synchrotron radiation by electrons is responsible for the
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Figure 5.2: Left: AMANDA-II neutrino candidates within 2.25° from the direction of the blazar 1ES
1959+650. The triangles indicate the arrival time of the observed events; the crosses refer to
the background events in the 40-days windows. The window showing the highest multiplicity
is highlighted. Right: Zoom-in of the time-window MJD 52410-52460. The arrival time of two
out of the five AMANDA-II events is compared with the Whipple light curve. [84]

first peak, and Inverse Compton scattering on electrons produces the second [81]. In hadronic models [82],
both protons and electrons are accelerated. Synchrotron radiation still produces the low-energy peak in
the spectrum, while the high-energy MeV /TeV photons are the decay products of pions produced in pp or
py interactions in the jet. In one model, the protons interact with the synchrotron photons, for instance.
The charged pions inevitably produced with neutral pions will be the parents of neutrinos that provide
incontrovertible evidence of cosmic-ray acceleration in the source. Therefore, the detection of high-energy
neutrinos accompanying photons represents direct evidence for the hadronic model of blazars.

The multiwavelength association of blazars and neutrinos is greatly facilitated by the fact that their
emission is highly variable on different timescales, from flares that last minutes to days to several months
in a high state of radiation. Also, it is easier to identify a point source in a transient search because of the
lower background accumulated over the relatively short duration of the burst [83]. It is noteworthy that
AMANDA detected three neutrino events in temporal coincidence with a rare orphan flare of blazar 1ES
19594650 [84]. No attempt was made to evaluate a posteriori statistics for this event although its significance
by any account exceeds that of the coincidences presently under discussion. Fig. 5.2 shows the coincident
neutrinos in AMANDA .

In June 2015, blazar 3C 279 underwent an intense flare observed by Fermi LAT. The gamma-ray flux

increased up to forty times over the steady flux and developed a relatively hard spectrum during the flare
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[85]. An in-depth study of the data revealed an even higher photon flux and a harder spectral index [86]. An
increase in X-ray emission was observed by SWIFT [87]. The event represents an extraordinary opportunity
to investigate the pionic origin of the gamma rays by identifying temporally coincident cosmic neutrinos in
IceCube. IceCube data is routinely subjected to a blind analysis. The data covering this event, and others
discussed in this paper, have not been unblinded, which follows a yearly process.

Here, prospects of observing muon neutrinos in coincidence with flares of blazar 3C 279 has been inves-
tigated by calculating the number of neutrino events based on estimates previously developed in connection
with the 2002 burst of blazar 1ES 1959+650. We also comment on a recent flare of this blazar. It should
be noted that we focus on muon neutrinos, whose directions can be reconstructed with a resolution of 0.3°,
allowing for statistically compelling coincidences that are unlikely to emerge with electron and tau neutrinos,

which at present are only reconstructed to about 10°.

5.2 Neutrino flux from a pionic gamma-ray source

In the hadronic scenario, MeV-TeV gamma rays are produced from protons colliding with radiation or
gas surrounding the object. These collisions generate charged and neutral pions which decay, producing
high-energy gamma rays and neutrinos. Here, we follow estimates [88] that relate the neutrino flux to the

observed gamma-ray flux using energy conservation:

E’x;'nax dN E;nax dN
E,—YdE, =K E,—2dE,, (5.1)
/E;,,m TdE, T Emin dr,

where the factor K = 1(4) for pp(py) interactions. Considering multipion interaction channels, K is changed
to approximately 2 in the case of py interactions. The proton spectrum, resulting from Fermi acceleration,
as well as the accompanying photon and neutrino spectra are expected to follow a power law spectrum
with a =~ 2. However, the observed photon spectrum steepens because the gamma rays are absorbed by
propagation in the EBL and, possibly, also in the source. Therefore, the observed gamma-ray spectrum is

assumed to follow
dn,
dr,

— A, B, (5.2)

with a > 2. In contrast to the photons, the neutrino spectrum is not modified by absorption. Although one
may propagate the observed gamma rays in the EBL to find the de-absorbed spectrum, it is in general not

possible to match the neutrino spectrum to the gamma rays because of gamma rays cascading inside the
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source. However, energy is conserved in the process, and the total energy between neutrinos and photons
can still be related. Even this will result in a lower limit on the neutrino flux because photons absorbed in
the source are not accounted for in the left hand side of Eq. 5.1. On the other hand, we assume that all
high energy photons originate from proton acceleration, neglecting an electromagnetic component that must

contribute at some level. Using Eq. 5.1 and assuming Ey max > I, min, We obtain the following neutrino

spectrum:
dN, A E;ot2
~ AE’x ik E;2. (5.3)
dE, (o = 2)KIn(Ey max/Ev min)

Here, Ey min is the minimum energy of photons reflecting the threshold energy of pion production in pp
interactions and for the production of the delta resonance in p~y interactions. For pp collisions, the minimum

energy required for pion production is:

2m, + m, )% — 2m?2
(2my ) P~ T x1.23GeV, (5.4)

Emin =T
P 2m,,

where I is the Lorentz factor of the jet relative to the observer. Given that three pions are produced and

that, on average, each charged pion produces four leptons and each neutral pion two photons, the relation

between proton energy and gamma-ray and neutrino energies is:

) Emin ) Emin
Emln — p Emln — p . 55
K 6 = 12 (5:5)

For py collisions, the energy threshold is set by the delta resonance py - A — 7N:

, mi —m? 1 MeV
Emin =2 8 P 12 < ) x 160 GeV, (5.6)
P AES B

where EJ is the target photon energy. In this case, the gamma-ray and neutrino energies are related to the

proton energy by
Emin — E;nm EII?mn Tp—m
~ —_—

4 9

Lp—m

2 )

min __
E; =

(5.7)

where z,_,» ~ 0.2 is the average fraction of proton’s energy transferred to the pion.
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5.3 Neutrinos in coincidence with 3C 279 Flares

Blazar 3C 279 is a flat spectrum radio quasar (FSRQ) located at declination —5.8° and right ascension
194° with a redshift of 0.536. It is one of the brightest sources in the EGRET catalogue [89] and was the
first FSRQ discovered at TeV energy by MAGIC in 2006 [90]. The MAGIC collaboration has reported a
gamma-ray flux from 3C 279 of 5.2 x 10710 TeV~'em~2s~! with a spectral index of 4.1. The EBL corrected
spectrum has a smaller spectral index of 2.94.

Blazar 3C 279 has consistently exhibited rapid variations in flux, and multiple flares have been observed.
On June 16, 2015, Fermi observed an intense flare of GeV gamma rays from 3C 279 reaching forty times the
steady flux of this source. The spectral study of this flux found a relatively hard spectral index. Specifically,

2571 with a spectral index

we will use in our estimates the average daily photon flux of 24.3 x 107 phem™
of 2.1. Fig. 5.3 shows the light curves of 3C 279 during this flare as observed by Fermi.

The expected number of well-reconstructed muon neutrinos in IceCube is calculated using Eq. 5.3 and

dN,

t TEIAeff(E,G) dE (58)

Nu“ +v, =

where the effective area A.;s is taken from [91]. The neutrino flux calculated from the energy balance
relation of Eq. 5.1 depends on the value of E}, max/FEy min, Which represents the energy interval over which

proton interactions produce pionic gamma rays. We will consider three possible values for this ratio:

e Case 1: We assume that neutrinos are exclusively produced in a specific energy range. This is similar
to the approach in reference [79] where the neutrino spectrum is assumed to peak at PeV energies. The
number of events for various values of E, max/Ey min is shown in Fig. 5.4 for pp and py interactions.
For pp collisions, the number of neutrinos expected is within IceCube’s sensitivity for the wide range of
values for the Lorentz factor and the neutrino energy range considered. For py collisions, large values
of EY /T2 are required for observing the flare in neutrinos. Note that for py interactions we label the
energy in terms of the ratio £ /T2, The actual energy depends on the value of I" which is often not

directly measured and must be obtained from further modeling of the spectrum [86, 92].

e Case 2: We assume that neutrinos are produced over the same energy range as the gamma rays, i.e.,
E, min is obtained from Eq. 5.4(5.6) for pp and py collisions. The resulting number of neutrino events
is shown in Fig. 5.5 for different values of maximum neutrino energy. Here, the estimated number of

events strongly depends on the maximum energy achieved by the cosmic accelerator.
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Figure 5.3: Light curves of 3C 279 in the 7 ray band as observed by Fermi-LAT [86]

e Case 3: Finally, we consider different threshold energies for neutrinos, assuming that the maximum

neutrino energy is 10 PeV, the highest energy observed by IceCube so far. The results are shown in

Fig. 5.6 for pp and pvy collisions. Notice that a higher minimum neutrino energy corresponds to a

larger number of events observed.
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Figure 5.4: Estimated number of events from blazar 3C 279 flare in June 2015 for different energy ranges
of neutrino emission from pp (left) and py (right) collision. The events correspond to neutrino

energies above 1 TeV.
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Figure 5.5: Estimated number of events from blazar 3C 279 flare in June 2015 for different values of

maximum neutrino energy in pp (left) and py (right) collision when neutrinos and gamma

rays are produced in the same energy range. The events correspond to neutrino energies

above 1 TeV.
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Figure 5.6: Estimated number of events from blazar 3C 279 flare in June 2015 for different minimum
energy ranges of neutrinos in pp (left) and py (right) collision, assuming that the maximum
neutrino energy is 10 PeV. The events correspond to neutrino energies above 1 TeV.
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5.4 Summary

The above calculations illustrate that blazar flares represent an extraordinary opportunity to identify the
origin of IceCube neutrinos. The short time window results in a lower number of events but also a suppressed
background. For the specific burst of 3C 279, we have shown that there is a clear opportunity for observing
coincident neutrinos, especially in the case of pp interaction.

In addition to the intense flare in June 2015, two previous flares were observed during December 2013
and April 2014 [93]. Although their photon flux is not as large as for the flare discussed above, stacking them
will result in a higher likelihood of finding neutrinos. The average daily photon flux of all three flares is listed
in Table 5.1. Assuming, for simplicity, that the neutrino spectrum would follow the gamma-ray spectrum,

the total number of events for a flat spectrum of neutrinos will be about 4(2) for pp(py) collisions. We have

Date F, [phem™2s71]
December 20, 2013 6 x 107©
April 3, 2014 6.4 x10°°
June 16, 2015 24.3x 1076

Table 5.1: The date and average daily photon flux of observed flares from 3C 279. All fluxes are
measured above 100 MeV [93, 86].

also estimated the number of events for each flare using detailed information of fluxes and assuming same
spectral behavior for neutrinos and gamma rays. Detailed duration and flux are listed in Table 5.2. The
total number of events obtained is 4(2) for pp(py) collisions. Statistics are straightforward with less than
0.001 background of atmospheric events per day within the resolution of 0.3°.

The FSRQ 3C 279 is included in the IceCube source list for both time-dependent [80] and time-independent
point source searches [91]. The latest time-dependent search looked for a correlation of neutrinos with
observed flares up until 2012. This period did not include any flares from 3C 279. Future time-dependent
studies may reveal signals from these flares.

Recalling the temporal coincidence observed in AMANDA with flares of blazar 1ES 1959+650, it is
noteworthy that a new very high energy flare from 1ES 19594650 was observed by VERITAS during October
2015 [94]. According to the preliminary analysis of the data, the flux has reached ~ 50% of the Crab flux with
a spectral index of 2.5. Detailed analysis will provide more information about the duration and spectrum
of this flare. Based on the preliminary results, and provided that the gamma rays are hadronic in origin,

IceCube expects to observe ~ (0.1 events per hour for this burst. If the burst has lasted for more than a day,
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Date F,[phem™2s71] «  Duration [day]
December 20, 2013 11.71 x 1076 1.71 0.2
April 3, 2014 11.79 x 10— 2.16 0.267
June 16, 2015 24.3 x 107 2.1 1

Table 5.2: The date, photon flux, spectral index, and duration of observed flares from 3C 279. All fluxes
are measured above 100 MeV [93, 86].

then it is very likely that accompanying neutrinos would be observed in IceCube. Its location is obscured by

the earth, and the highest energy events will therefore be absorbed.
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Chapter 6

Prospects for Detecting Galactic Sources of Cosmic Neutrinos with
IceCube

6.1 Introduction

The position of the knee in the cosmic ray spectrum indicates that some sources accelerate cosmic rays
to energies of several PeV. These PeVatrons therefore produce pionic gamma rays whose spectrum should
extend to several hundred TeV. Like for gamma rays, the search for Galactic neutrino sources concentrates
on the search for PeVatrons, supernova remnants with the required energetics to produce cosmic rays, at
least up to the knee in the spectrum. Some may have been revealed primarily by the highest energy all-sky
survey in ~ 10 TeV gamma rays using the Milagro detector.

Although predominantly extragalactic, the present data cannot exclude a subdominant flux of Galactic
origin in the IceCube data [95, 96, 97, 98]. Unidentified sources [99], Fermi bubbles [95, 100, 101], and
Sagittarius A* [102] have been reviewed as potential Galactic sources. However, the general conclusion is
that these sources can account for a fraction of the events detected. Specifically, the possibility that the hot
spot close to the Galactic Center (GC) is produced by a single point source with a flux normalization of
6 x 1078 GeV cm™2 s7! has been excluded [103, 104].

In a map of the northern Galactic plane obtained with Milagro data, six promising neutrino sources
were identified in [105, 106]. The IceCube Collaboration has carried out extensive searches for point and
extended sources, reporting evidence with a significance of 2.5 o, when the six Milagro sources are considered

together [91].

This study has been published in F. Halzen, A. Kheirandish, and V. Niro, Astropart. Phys., vol. 86, pp. 46-56, 2017.
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In Ref. [104], the authors investigated the prospects for observing the three confirmed Milagro sources
and re-evaluated the probability and constraints in light of the low-energy cut-off reported by the Milagro
collaboration [107, 108]. They concluded that more than 10 years of running IceCube is necessary to yield
a discovery at the level of 30. In the case of the source MGRO J1908+06, evidence at 30 could be obtained
in seven years assuming values of the spectral index and the cut-off energy that are in good agreement with
the best fit reported in [107].

Here, we update the predictions using the observation and flux measurements reported by HAWC, ARGO-
YBJ, and air Cherenkov telescopes (ACT) VERITAS and HESS. Most importantly, with a detector superior
to Milagro, the HAWC experiment has confirmed only four of the six sources [109, 110]: MGRO J1908+06,
MGRO J1852+01, MGRO J2031+4+41, and MGRO J20194-37. Fig. 6.1 shows HAWC’s observation of these
sources. For these, we will construct a gamma ray spectrum based on all information available and evaluate
the neutrino flux. Subsequently, we will compute the number of signal and background events as well as the
p-value for observing the sources as a function of time. Finally, we will determine exclusion limits on a flux

of hadronic origin in the absence of an observation. The main results can be summarized as follows:

e MGRO J1908+406: Although historically classified as a pulsar wind nebula (PWN) and currently as
an unidentified source, its large size and hard spectrum in TeV photons suggest that it may be a
supernova remnant (SNR). SNRs are suspected to be the sources of the highest energy cosmic rays in
the Galaxy. We re-evaluate the probability of observing the source using the flux reported by HESS
and anticipate a 30 observation in about 10 years of IceCube data. However, the answer depends
on the actual threshold of the specific analysis. By increasing the energy threshold, IceCube has the
potential to observe MGRO J19084-06 at the some statistical level with only six years of data. A lack
of observation in 15 years of IceCube data will indicate that MGRO J1908+4-06 is not a cosmic-ray

accelerator.

e MGRO J1852+01: In the original Milagro map of the TeV sky, this source missed the statistical
threshold for candidate sources. It has now been conclusively observed by HAWC and is a potential
neutrino source considering its relatively large flux. Since the proper study of spectrum and extension
of the source have not been performed by HAWC, we have studied the neutrino flux under different
assumptions for the source’s extension and spectrum. We find that IceCube should see this source in
5 years of data provided that the source is not extended. However, if the source is extended, 15 years

is required to reach a significant level of observation.
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Figure 6.1: Up: HAWC observation of Cygnus region of the Galaxy. MGRO J2031441 and MGRO

2019+37 are located in this region. Bottom: HAWC observation of inner Galaxy. HAWC
observes the known source MGRO 1908+06 and confirms MGRO J1852+06 [111] which was

found under significance thresold in Milagro.
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e MGRO J2031+41: Due to the uncertainties associated with the origin of the flux of the Cygnus cocoon
and 7-Cygni, a complete picture of this source is missing. Its extension and other TeV emissions in
its vicinity have made it difficult for ACT experiments like VERITAS to measure the TeV flux from
this source. Although previous studies indicated that observing the source would be challenging [104],
using recent ARGO-YBJ and Fermi data, we argue that neutrino observations at the level of 30 may

be possible in 10 years of IceCube data.

e MGRO J2019+37: We present an update on the neutrino observation from this source based on the
spectrum measured by VERITAS, which has provided up to now the most precise measurement for
the spectrum of the source up to 30 TeV. We show that IceCube is likely to observe the source in 15
years. This source is currently classified as a PWN. Thus, the detection of neutrinos from this region

could point towards the production mechanism of neutrinos in a PWN as described in [112].

6.2 Milagro sources

After confirmation by HAWC [109, 110], the Milagro sources that we consider in this analysis are, as
mentioned above, MGRO J1908+4-06, MGRO J1852+01, MGRO J2031+41, and MGRO J2019+37. In this

section, we summarize the experimental information on these sources.

MGRO J1908+4-06: The source MGRO J1908+4-06 has been detected by large-acceptance air-shower
detectors (EAS) like the Milagro experiment, see Refs. [113, 114, 108], and the ARGO-YBJ experiment [115].
This source has been detected also by ACTs, like HESS [116], which finds a spectrum with no evidence of
a cut-off for energies < 20 TeV. The HESS detector reports a flux systematically lower than the Milagro
and ARGO-YBJ data. With better angular resolution, it could be that HESS detects the flux from a point
source that is not resolved by the Milagro and ARGO-YBJ observation. MGRO J19084-06 has also been
recently detected by VERITAS [117], and the flux reported is of the same order as the one measured by
HESS. Also, the value recently reported by HAWC points towards a similar normalization [109].

We report in Table 6.1 the extension for MGRO J1908+-06 observed by HESS, VERITAS, and ARGO-
YBJ, while in Table 6.2 we report the flux measured by HESS and VERITAS. In Fig. 6.3, we have compiled

the spectra for MGRO J1908+06 from the different experiments.
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Finally, note that Fermi-LAT observes the pulsar PSR J19074-0602 within the extension of the Milagro
source MGRO J1908+4-06 [118]. On the other hand, the large size and hard spectrum in TeV photons of
MGRO J1908+4-06 are not characterstic of a PWN and perhaps consistent with a SNR. SNRs are suspected

to be the sources of the highest energy cosmic rays in the Galaxy [119], see also [120, 121].

MGRO J18524-01: In the original Milagro survey, its statistical significance fell just below the sta-
tistical threshold to be a candidate source. With its recent observation by HAWC [110] MGRO J1852+-01
becomes a plausible neutrino source candidate. The primary study of the six Milagro sources [105] sug-
gested that this source, due to its large flux, could considerably increase the probability of detecting neu-
trinos in IceCube in five years. The flux from a 3 x 3 degree region around MGRO J1852+01 is given by
dN/dE = (5.7+ 1.5Smti1.9sys) x10714 TeV~! ecm™2 s~! at the median detected energy of 12 TeV, assuming
a differential source spectrum of E~26 [122]. In Table 6.1 and Table 6.2, the information on this source is

summarized, while in Fig. 6.5 we show the best-fit spectrum from the Milagro collaboration.

MGRO J2031+41: The flux from MGRO J20314+41 has been measured by Milagro [113, 114, 107];
the measurement cannot distinguish between a power law and a power law with cut-off. This is also the
case for the ARGO-YBJ observations [123]. The two experiments have comparable angular resolution. The
flux measured by ARGO-YBJ [123] for this source is compatible with the one reported by Milagro, which
extends to energy below 1 TeV.

In general, ACT experiments report much smaller fluxes for this source. Indeed, measurements by
MAGIC [124], HEGRA [125], and Whipple [126] can account for just a few percent of the Milagro flux.
The source has been recently studied by the VERITAS collaboration, which has reported a flux comparable
to the one reported by MAGIC. In the current picture [127], there are several sources contributing to the
emission of MGRO J2031+41: the cocoon, the v-Cygni SNR, VER J2019+407, and TeV J2032+4130. The
latter has been detected by both VERITAS and MAGIC. In conclusion, a complete picture and understand-
ing of this source is still not given. New data have been presented by the ARGO-YBJ detector [12§],
which suggests identifying ARGO J20314+4157 as the TeV-energy counterpart of the Cygnus cocoon. For
this reason, they report the best fit not only considering the ARGO-YBJ data but also including in their
fit the Fermi-LAT data from the Cygnus cocoon. This results in a harder spectral index with significant

consequences for the neutrino prediction. Since leptonic processes could contribute to the cocoon emission at
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Source H Type ‘ Oext (ACT) ‘ Oext (EAS)

MGRO J19084-06 UNID

< ARGO-YBJ 0.49° + 0.22° [123]

— HESS J1908+063 0.34° 1503 [116]

< VERITAS 0.44° £ 0.02° [117]

MGRO J1852+01 UNID Milagro: 3° x 3° search region [122]
MGRO J2031+41 UNID

< ARGO J2031+4157 1.8° £ 0.5° [128]

MGRO J2019+37 PWN Milagro: 0.7° [107]

— VER J2019+368 ~ 0.35° [130]

Table 6.1: Extensions of the sources as reported by different experiments. For the source MGRO
J2031+41, we do not report the extension of the corresponding sources detected by ACT
experiments, since the flux of these sources is much smaller than the one reported by the
Milagro collaboration, see text for details. Note that the four sources have been recently
detected by HAWC [109, 110].

the energies detected by Fermi-LAT, we might expect the purely hadronic component of MGRO J2031+41
to lie somewhere between the two fits obtained by the ARGO-YBJ collaboration. We report in Table 6.1
the extension of MGRO J2031+41 as given by the ARGO-YBJ experiment, while in Table 6.2 we show the
fluxes obtained with and without the inclusion of the Fermi-LAT data in the fit. In Fig. 6.7, we report the
spectra for MGRO J2031+41 from different experiments. Note that we do not report the measurements by
HEGRA [125] and Whipple [126], but these are in agreement with the MAGIC results.

MGRO J2019+437: The flux of the source MGRO J2019+437 has been measured by Milagro, see
[113, 114, 107], reporting a power-law with energy cut-off as best fit. This source has not been detected by
the ARGO-YBJ detector, which instead set 90% C.L. upper bounds on the flux [123]. Additionally, a limit
on the flux at 115 TeV has been inferred through the CASA-MIA experiment [129].

The Milagro source MGRO J2019+4-37 has been recently detected by VERITAS. VERITAS collaboration
reported two sources in the region of MGRO J20194-37: the faint point-like source VER J2016+371 and
the bright extended source VER J2019+4-368 [130]. This second source is likely to account for the bulk of
the Milagro emission. The VERITAS collaboration reported a very low spectral index for this source on
the order of 1.75, between 1-30 TeV. We list in Table 6.1 the extension for MGRO J2019+4-37 as given by
VERITAS and the Milagro 2012 release, and in Table 6.2 the value of the flux reported by the VERITAS

experiment. In Fig. 6.8, we show the data for MGRO J2019+37 from different experiments.
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Source H Ere™; dNI?/dE, at E2™; o, (ACT or EAS)
MGRO J1908+06
— HESS J1908+-063 1 TeV; 4144 0.3244¢ £+ 0.835ys; 2.10 £ 0.0754q¢ £ 0.2,y [116]
— VERITAS 1 TeV; 4.2340.4154: £0.855y5; 2.20 £0.1054q¢ = 0.204y5 [117]
MGRO J1852+01
< Milagro 12 TeV; (5.7 4 15401 £ 1.9,5) x 10725 2.6 [122]
MGRO J2031+41
— ARGO J2031+4157 w/o Fermi-LAT:
1 TeV; (2.5+04) x 10; 2.6+ 0.3 [128]
w Fermi-LAT:
0.1 TeV; (3.5+0.3) x 10%  2.16 = 0.04 [128]
MGRO J2019+37
— VER J2019+4-368 5 TeV; (8.140.750s & 1.655) X 1072 1.75 & 0.08,4¢ + 0.25y5 [130]

Table 6.2: Flux in units of 10712 TeV ™! ¢cm™2 s ! at a specific energy EZ°™ and spectral index a., as
recently reported by ACT or EAS experiments.

6.3 Gamma rays and neutrino flux

Perfoming a fit to the the gamma-ray flux using the parametrization

AN, (Ey) E, ™ Ey
— = =k [ == - 1
dE, "\Tev) P Bewr | (6.1)
the neutrino fluxes at Earth can be described by the following expression [131, 132]:
dN, +7 (EV) E, o E,
Lt =k, - , 2
dE, Tev) ©F Feut (62)

where

ke = (0.694 — 0.160x, )k ,
= Qi

Ecut,ll = 0-59Ecut,'y . (63)
The number of throughgoing muon neutrinos from a source at zenith angle 0 is given by Ref. [105]:

Ney = t/ dE, ANy (Ey) AN(E, 07), (6.4)
Ezt/h dE,,
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where we have summed over neutrino and antineutrino contributions. We will use the IceCube neutrino

effective area reported in Ref. [91]. The effective area for the location of each source is shown in Fig. 7.4.

104 W | L | L | UL | UL | LA |
E| —  MGROJ1908+06 3
10° i MGROJ1852+01 .
| — MGROI2031+41 __’H_'_,__,.._,..-n
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Figure 6.2: 1C86 neutrino effective area as function of energy in the direction of each source considered in
this study.

6.4 Results

Based on the updated information from gamma-ray experiments described in the previous section, we
revisit the prospects for observing neutrinos from these sources with IceCube, using the effective area for the
86-string detector configuration [91]. This study updates a previous study of three of the sources [104] using
Milagro [107, 108] and ARGO-YJB (2012) measurements [123]. For related studies of the neutrino emission
from Milagro sources, see also Refs. [129, 105, 133, 134, 135, 136, 137].

The new information from gamma-ray experiments turns out to be important for a better parametrization
of the flux of the gamma-ray sources. The uncertainties in the normalization and spectrum of the sources can

result in important variations in the prediction of the neutrino fluxes. In this context, using updated data
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is important to make more reliable predictions and more appropriate interpretations of potential IceCube
observations.

After calculating the neutrino flux, we compute the number of through-going muon neutrinos in IceCube.
These have been produced inside or below the detector by neutrinos that have traversed the Earth. Any
background of cosmic ray muons has thus been filtered out and only atmospheric neutrinos remain as a
background for the northern hemisphere sources in a detector located at the South Pole. For each source, we
fix the flux normalization to the best-fit values listed in Table 6.2. The expected number of muon neutrinos
per energy bin are shown in Figs. 6.3, 6.5, 6.7 and 6.8 for the four sources considered in the analysis. For
MGRO J1908+-06, we have fixed o, = 2, consistent with the value reported by HESS, and we have varied the
cut-off energy from 30 TeV up to 800 TeV. For MGRO J1852+01, besides assuming a, = 2, we have also con-
sidered a, = 2.6 because this is the spectrum assumed by the Milagro collaboration. For MGRO J2031+41,
we have considered the best-fit values for o, provided by the ARGO-YBJ collaboration, considering also
the case in which the Fermi-LAT data have been added to the fit. Finally, for MGRO J2019+37 we have
considered the case of o, ~ 1.75, the best-fit value reported by the VERITAS collaboration.

To calculate the number of background atmospheric neutrino events, we have integrated the atmospheric
flux [138] over an opening angle = 7(1.60.g)? around the direction of the source, where the angle oog =
\/m. The angular resolution of the IceCube detector is about 0.4° at the energies relevant for this
analysis [31]. This solid angle correspond to a solid angle that contains roughly 72% of the signal events
from the source; see also Ref. [139] for a discussion.

We have subsequently estimated the statistical significance for observing the sources using the analytic

expression [140]:

1 /
DPvalue = 5 |:]- —erf ( ngs/2>:| s (65)
where g% is defined as
obs _ _ ND
90 :—21n£b5[)—2 Y, —Np+ Npln Y . (66)
b

Here, Y} is the theoretical expectation for the background hypothesis, while Np is the estimated signal
generated as the median of events Poisson-distributed around the signal plus background. We have considered
the total number of events (not binned in energy) to have a closer prediction to what is done in the IceCube

point-source searches [91].
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In Fig. 6.4, we show the results for MGRO J1908+06. For this source, recent ACT data have reported a
spectral index v, that is compatible with ~ 2. Despite the fact that the ACTs’ normalization is smaller than
the one previously reported by Milagro, the hard spectral index makes the source an interesting candidate
for neutrino detection. For this reason, we also estimated how the p-value depends on the threshold energy
that can be reached in a realistic analysis. We find that a 30 discovery is possible in six years, if an energy
threshold of about 5 TeV can be reached in the analysis, and that the spectrum extends to Ees,~ of 800 TeV.
For the more conservative case that F..;, ~ 300 TeV, as expected for galactic sources able to explain the
cosmic-ray spectrum up to the knee, then an energy threshold of about 10 TeV would be required. Obtaining
a 30 discovery at a specific energy threshold will indicate a particular value of the cut-off energy ey .

In Fig. 6.6, we show the statistical significance for MGRO J1852+01. For this source, due to the lack of
data, not only is the spectral index poorly known but also the morphology of the source, whether extended
or point-like, is uncertain. For the point-like hypothesis, a 3o discovery can be reached in six years, indepen-
dently of the energy cut-off Ecy; , and spectral index a., of the source, while more than 10 years are required
if the source is extended.

In Fig. 6.7, we show the p-value for MGRO J2031+41. As explained in detail in the previous section,
the origin of the gamma-ray emission from this source is not understood. Using the best fit obtained by the
ARGO-YBJ collaboration in conjunction with the Fermi-LAT data, we find that a 30 discovery is possible
with 10 years of IceCube data. If this is indeed realized, the IceCube data not only would point towards a
hadronic emission at TeV energies for MGRO J2031+441 but would help clarify the origin of the gamma-ray
emission from the cocoon.

In Fig. 6.8, we show the statistical significance for MGRO J2019+37. A detection of neutrinos from this
source would be extremely interesting since it might point towards the mechanism described in Ref. [112]
for neutrino production in PWNs. For this source, we expect to obtain a 3¢ discovery in roughly 15 years.
Future data from HAWC on the spectrum of this source are important to confirm the hard spectral index,
on the order of o, ~ 1.75, reported by the VERITAS collaboration.

The Milagro collaboration has presented results on the energy spectrum of these sources obtained by
unfolding of the data [107]. It is obviously important for other experiments to confirm the presence of a
low-energy cut-off that they consistently find in the analysis of every source. In this context, the constraints
that IceCube can set in the plane (o, Ecyt,) with future data are important and complementary. We have

therefore estimated the constraints set on a, and E,,, in the absence of a signal after 15 years of exposure
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with the complete 86-string IceCube detector. We have integrated the number of events from 1 TeV to 1 PeV
in neutrino energy E, and defined the confidence level, C.L., as in Refs. [141, 142, 140, 143]:

_ Py

C.L.= .
1-P,

(6.7)

with Py 4) and Py the p-values for the signal plus background and background-only hypothesis of the data,
respectively; see [104] for details.

The results for the expected C.L. are presented in Fig. 6.9 for the four sources considered here for a
running time of ¢t=15 years. We have fixed the normalization to the best fit reported in Table 6.2, while
we have varied the values of the spectral index o, and the cut-off energy E.y: . As shown in the figure,
for MGRO J1908+4-06, IceCube is able to constrain a major part of the values for a., reported by the HESS
detector. In particular, for a spectral index as hard as a, ~ 2, values of E .y~ greater than 100 TeV
could be excluded at 95% C.L. For MGRO J18524-01, IceCube will exclude all the parameter space with
Eecut 4 greater than 30 TeV at 95% C.L. For the source MGRO J2031+41, the allowed region of ., obtained
considering ARGO-YBJ plus Fermi-LAT data will be excluded at 99% C.L., independently of the value of
Ecut,~- Finally, for MGRO J2019+37, considering the standard value of E¢y¢ .~ of 300 TeV, hard values of
the spectral index with a,, < 2 will be excluded at 95% C.L.

As mentioned above, the Milagro collaboration has reported a low-energy cut-off in the spectra of the
sources MGRO J1908-+06, MGRO J2031+41 and MGRO J2019+37 [107, 108]. In this case, the combinations
of o, and E;y ~ that could be excluded at 95-99 % C.L. using future IceCube data are important because

they can independently probe the presence of a low-energy cut-off.

6.5 Conclusions

The highest energy survey of the Galactic plane has been performed by Milagro. This survey has identified
bright sources in the nearby Cygnus star-forming region and in the inner part the Galaxy. Initially, the sources
showed the expected behavior of PeVatrons. PeVatrons are the sources of cosmic rays in the "knee” region
of the cosmic-ray spectrum that are expected to be sources of pionic gamma rays whose spectrum extends
to several hundreds of TeV without a cut-off. Gamma rays from the decay of neutral pions are inevitably

accompanied by neutrinos with a flux that is calculable.
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Here, we re-evaluated the probability of observing four promising Milagro sources in IceCube. We used the
updated information from air-Cherenkov and air-shower array experiments to estimate the flux of neutrinos.
The prospects for observing these sources in IceCube is highly entangled with discrepancies in the detailed
fluxes and morphologies measured by different experiments. Moreover, the uncertainty of the nature of these
sources makes it more difficult to understand the observed spectrum. Different spectra and morphology of
the sources correspond to different production mechanisms.

It should be noted that the discrepancy between measurements may arise from the difference in angular
resolution between air-shower arrays and air-Cherenkov telescopes as well as from the range of energies
in which they operate. Future results from HAWC will help resolve these discrepancies and reveal more
information about the sources.

If the gamma rays are hadronic in origin, observation of an accompanying neutrino flux is likely over the
lifetime of the IceCube experiment. Evidence from IceCube of neutrinos associated with these sources will

greatly help in unraveling the nature of the sources.
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Figure 6.3: Left panel: We show in purple the data by HESS [116], in red the one from VERITAS [130],
and in cyan the one from HAWC [109]. In blue we show the previous flux measurements by
Milagro [113, 114], while the solid orange line and the shaded orange area show the best fit
and the 1o band as reported in Ref. [108] by Milagro. The dotted area is the ARGO-YBJ 1o
band [115]. With green lines we show the spectra obtained considering «, = 2 and fixing the
normalization to the best fit reported in Table 6.2, where we also allowed the cut-off energy
to vary: Eeu~ = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green).
Right panel: We show the corresponding number of events for these spectra. The gray band
encodes the uncertainty on the cut-off energy. With the black (gold dashed) line, we show the
background from atmospheric neutrinos for extended (point-like) sources.
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Figure 6.5: Left panel: We show in blue the value on the flux reported by the Milagro
collaboration [122], which assumed an E~2¢ spectrum. With green lines we show the spectra
obtained considering a4 = 2 and fixing the normalization to the best fit reported in Table 6.2,
where we also allowed the cut-off energy to vary: Ecu, = 30, 300,and 800 TeV
(short-dashed, solid, and long-dashed lines, in green). Right panel: Number of events for the
spectra reported with green and blue lines in the left panel. The gray band encodes the
uncertainty on the cut-off energy. With the black (gold dashed) line, we show the background
from atmospheric neutrinos for extended (point-like) sources.
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Figure 6.7: Upper panel: The black points show the data reported by ARGO-YBJ in Ref. [128], while

the dotted region is the one reported in Ref. [123]. The previous flux measurements by
Milagro are shown in blue [113, 114], while the orange/yellow area denotes the the power-law
model/the power-law model with cut-off as reported in Ref. [107] by Milagro. With the
purple band we report the measurements by MAGIC [124]. We report in red and grey the
results from the VERITAS detector [127]. With green/magenta lines we show the spectra
obtained fixing the parameters to the best fit reported in Table 6.2 for the case without/with
Fermi data. In the case without Fermi data, we also allowed the cut-off energy to vary:
Ecut,y = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green. Lower
panel, left: Number of events for the spectra reported with green and magenta lines in the
upper panel. The gray band encodes the uncertainty on the cut-off energy. With black lines,
we show the background from atmospheric neutrinos. Lower panel, right: p-values as a
function of time, from 4 years to 20 years.
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Figure 6.8: Upper panel: With red points, we report the VERITAS data [117]. With blue lines, we

report the previous flux measurements by Milagro [113, 114], while the continuous orange line
and the shaded orange area represent the best fit and 1o band [107] as reported by Milagro.
The 90% C.L. upper limits from ARGO-YBJ are shown in black [123], and the inferred
CASA-MIA bound [129] is shown with a black star. With green lines we show the spectra
obtained fixing the parameters to the best fit reported in Table 6.2, where we also allowed the
cut-off energy to vary: Equi,, = 30, 300,and 800 TeV (short-dashed, solid, and long-dashed
lines, in green). Lower panel, left: Number of events for the spectra reported with green and
magenta lines in the left panel. The gray band encodes the uncertainty on the cut-off energy.
With the black (gold dashed) line, we show the background from atmospheric neutrinos for
extended (point-like) sources. Lower panel, right: p-values as a function of time, from 4 years
to 20 years.
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with 15 years of IceCube running with its 86-string configuration. The normalization has
been fixed to the best fit reported by HESS [116] (left) and Milagro 2007 (right). We have
assumed extended sources. With horizontal lines we denote the values

Ecut,y = 30, 300, and 800 TeV (short-dashed, solid, and long-dashed lines, in green). The
purple region (left) denotes the values of c, reported by HESS. The blue line (right) denotes
the value of a, considered by Milagro. Lower panel: The normalization has been fixed to the
best fit reported by ARGO-YBJ without Fermi-LAT [123] (left) and VERITAS [130] (right).
We have assumed extended sources. The gray/magenta region (left) denotes the values of .,
reported by ARGO-YBJ without/with Fermi data. The red region (right) denotes the values
of o reported by VERITAS.
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Chapter 7

Searching for neutrinos from fast radio bursts with IceCube

7.1 Introduction

In this chapter, we present the results of a search for temporal and spatial coincidence of neutrinos
with four fast radio bursts detected by the Parkes and Green Bank radio telescopes during the first year of
operation of the complete IceCube Neutrino Observatory; 1C86-1.

Fast radio bursts (FRBs) are a new class of astrophysical radio transients with few millisecond) duration.
The first FRB was discovered in a 2007 analysis of archival data from the Parkes telescope in 2001 [144].
The burst became known as the Lorimer Burst. Since 2007, a total of 34 bursts have now been detected
by three different telescopes: Parkes, Arecibo, and Green Bank. These bursts have been detected from 18
unique directions. 17 bursts at different times has been reported from the direction of one of the bursts
observed by Arecibo [145, 146].

Given their rate of detection by radio surveys performed with relatively low exposure time and field of
view, the rate of FRBs across the entire sky is estimated to be several thousand per day [147].

The origin of FRBs, as well as their emission mechanism, is unknown. Models have proliferated and
include the birth of black holes from supermassive neutron stars (“blitzars”) [148] and giant flares from mag-
netars [149]. Their large dispersion measures indicate an extragalactic origin, but they could also come from
Galactic sources enshrouded in dense plasma [150]. The discovery of a repeating Arecibo burst [145] disfavors
cataclysmic models. While leptonic emission is the default assumption, hadronic emission mechanisms are

also possible along with the resulting connection to cosmic rays and potential neutrino emission [151]. FRBs

This study has been submitted to Astrophysical Journal: S. Fahey, A. Kheirandish, J. Vandenbroucke, and D. Xu, A search
for neutrinos from fast radio bursts with IceCube, 2016.
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have been detected from high Galactic latitudes. A host galaxy detection and corresponding redshift was
claimed [152]. However, this claim turned out to be a background active galactic nucleus [153].

FRBs are solely observed in radio wavelengths. No FRB prompt or after-glow counterpart emission
has yet been detected in any wavelength or messenger other than radio waves. Because of their very short
duration, prompt counterparts can only be detected serendipitously, most likely by wide field instruments.
Because there is still so little known about the nature of fast radio bursts, model-independent searches using

a variety of wide-field instruments likely stand the best chance of discovering a counterpart.

7.2 Neutrino Sample

Here, we use through going muon sample from first year of completed IceCube detector; IC86. This
sample was selected and optimized to search for neutrino point sources, see [91] for details on event selection.

For this study we used the released sample by IceCub collaboration [154], which includes the time of the
event truncated to the integer Modified Julian Day (MJD), the best-fit energy and direction, and an estimate
of the direction uncertainty (50% containment radius).

The data set includes a total of 138,322 events from 333 days of livetime spanning May 2011 to May
2012 (MJD 55694 through 56062), with a roughly equal number of events from the Northern and Southern
hemisphere. Events with declination greater than -5° are considered up-going events and are predominantly
atmospheric neutrinos. The Southern hemisphere is dominated by cosmic-ray-induced atmospheric muons
and high-energy muon bundles (multiple muons produced in the same extensive air shower). Therefore,
down-going events that were reconstructed to be from declination less than -5° are dominated by atmospheric
muons.

As discussed in [91], the event selections were performed separately for the Northern and Southern
hemispheres with Boosted Decision Trees. In the up-going region, the ice and the Earth act as a shield for
atmospheric muons, so a high purity neutrino sample with a wide energy range can be obtained. In the
down-going region, high-energy neutrinos are also retained, but a high purity neutrino sample cannot be
reached due to the rate of atmospheric muons. In order to bring the atmospheric muon contamination under
control, a higher energy threshold was applied in the Southern sky.

The rate of detected events in the sample varies from day to day both due to seasonal variation in the
production of atmosphere neutrinos and muons [155] and detector effects (downtime). We estimated the

size of possible downtime effects from the number of IceCube events detected on the day of each FRB. They
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Figure 7.1: Number of events observed per day (MJD) (black) during the livetime of IC86-I considered in
this analysis. The dates bursts in this analysis have occurred are identified (dashed blue)

are (in time order of the FRB occurrence) 423, 395, 342, and 465. The event count on each day is within
~20% of the average rate for the full sample (375). Therefore, detector dead-time was likely not substantial
on any of the FRB days, see Fig. 7.1.

Fig. 7.2 shows the event rate in this sample as a function of declination, averaged over right ascension
and time. Because of the higher energy threshold applied in the Southern hemisphere to counteract the high
atmospheric muon rate, the event rate varies by only a factor of ~2 across the sky. The average rate is 0.009

events per square degree per day.
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Figure 7.2: Event rate in the IceCube data sample as a function of declination, averaged over right
ascension within each declination band. The declination of each FRB is shown for reference.
The rate is normalized per day between MJD 55694 and 56062 (369 days), not per day of
livetime.
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7.3 Coincidence search

During IC86-1, four FRBs have been detected: FRB 110523 [156], FRB 110627, FRB 110703, and FRB
120127 [157]. Two are near the celestial equator and two are well South of it. Since IceCube neutrinos
times are available as truncated in MJD, temporal coincidence with these FRBs can only be tested on the
one-day scale. However, the event rate is low enough that this time resolution is sufficient for an effective
search. For each FRB, we truncate the detection time was in MJD and find the angular distance to each
MJD-coincident IceCube event. The localization error of each FRB is ~0.2° or better, negligible in this
analysis in comparison to neutrinos angular resolution [156].

We assume for this search that the point spread function for each event can be approximated by a
radially symmetric two-dimensional Gaussian. Under this assumption, the radius of the 90% and 99% error
circles can be determined from the 50% error circle by multiplying by a factor of 1.82 and 2.58, respectively.
Figure 7.3 shows these error circles for coincident events near each of the FRBs. The nearest (relative to its
error circle) coincident event is separated by 4.27° from FRB 110703 on MJD 55745, with a 50% angular

error of 1.2°.
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Figure 7.3: The region of interest centered on each FRB (%) in this sample is shown in equatorial
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90%-, and 99%-containment circles under the approximation that the point spread function is
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Figure 7.4: Muon neutrino effective area as a function of energy for the event selection used in this
analysis, in the direction of each FRB. The effective area in the southern sky is less than that
near the celestial equator due to tighter cuts used to reduce the atmospheric muon
background.

7.4 Results and Constrains

In light of the absence of any coincident neutrinos in the point source sample from the first year of the full
IceCube detector with the four FRBs observed in this period, we constrain the possible neutrino emission for
each burst. Using the Poisson distribution to find the 90% upper limit on the flux of neutrinos, we estimate
the maximum value of neutrino flux leading to detection of 2.3 neutrinos in a day.

The expected number of muon neutrinos detected from a source at zenith angle 6 is

Nyyi, = / &(E,) Acs(E,,0)dE, dt, (7.1)

where ¢(E,) is the neutrino flux at the earth and A,y is the IceCube effective area as a function of neutrino
energy and zenith. The effective area corresponding to the event selection and selected for each FRB based

on its declination is shown in Fig. 7.4. In order to constrain the neutrino flux, we assume the flux to be a
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power law
E,. -
P(Ey) = ¢0(ET)) v (7.2)

We set the normalization energy, Egy, to 100 TeV and consider five different spectral indices ranging from
1 to 3. To calculate the expected number of events we perform the integral in Equation 7.1 from 1 TeV to
1 PeV in neutrino energy.

Fig. 7.5 shows for each burst the distribution of event energies that IceCube would detect for various
power law neutrino spectra. The shape of each curve is determined by multiplying the flux by the effective
area, and each curve is normalized to 2.3 total number of events, i.e. to the 90% confidence level upper limit
on the expected number of events detected from the burst. As the figure shows, the tightest limits arise
from the FRBs found near the celestial equator. This is a result of IceCube’s effective area peaking in this
direction.

For the two bursts well below the celestial equator, the effective area curves at these declinations have
large fluctuations near ~20 TeV, perhaps due to statistical uncertainty close to the energy threshold in the
Monte Carlo used to determine the effective area. This is the cause of the fluctuations seen at ~20 TeV in
the right two panels of Figure 7.5. Fig. 7.6 shows the corresponding time-integrated flux upper limits for
several assumed spectral models for each FRB.

The neutrino fluence (time-integrated energy flux) is

Emax
fe / E¢(E)dE dt, (7.3)
E

min

where E,,;, = 10 TeV and E,,., = 1 PeV. Table 7.1 shows the neutrino fluence upper limit for each
burst for the specific case of v = 2.0.

A more sensitive search can be performed for high-energy neutrinos from these and additional FRBs both
by analyzing subsequent years of IceCube data and by using a looser event selection with greater effective
area and greater background rate but on shorter time scales, similar to the strategy used for gamma-ray
burst neutrino searches [158, 159]. Furthermore, a search for MeV neutrinos can be performed using an

analysis strategy similar to that used for nearby supernovae [160].
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Figure 7.5: Energy distribution of events that would be detected if the neutrino flux saturated our upper
limits. Each curve is determined by multiplying the power-law spectral model by the detector
effective area and normalizing so that the integral is 2.3 events (the 90% confidence level

upper limit on the event rate given that zero events were detected). Several power law indices
() were tested.
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Chapter 8

Constraining dark matter-neutrino interactions with
high-energy astrophysical neutrinos

8.1 Introduction

Even though the effects of cosmological dark matter (DM) have only been observed via its gravitational
influence, the O(1) ratio between the dark and baryonic components of the Universe Qpas ~ 5§ hint at a
non-gravitational link between the two sectors. An annihilation cross section of DM near the weak scale, for
instance, easily produces the observed relic density through thermal decoupling — an observation known as
the WIMP miracle (see e.g. [161]). Regardless of the exact production mechanism, the existence of a process
DM — DM — SM — SM implies that the elastic scattering process DM — SM — DM — SM exists and may be
measured in the laboratory. Most notably, this is the basis for the plethora of underground direct detection
experiments, aiming at observing elastic scattering between DM and quarks. However, interactions between
the DM and other particles may also be present and could be the dominant, or even sole, link between the
dark and visible sectors. A DM-neutrino interaction is especially attractive for light DM models, where
annihilation into heavier products is kinematically forbidden, and appears naturally in some models, for
example when the DM is the sterile neutrino (see [162]).

Such a possibility has been considered in depth, mainly in the context of cosmology [163, 164, 165,
166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176]. There are two ways in which dark matter-neutrino
interactions can affect cosmological observables. First, if the DM is light enough (< 10 MeV) and is still in
thermal equilibrium with neutrinos during or after Big Bang nucleosintesis (BBN), it will transfer entropy

to the neutrino sector as it becomes non-relativistic. This effect, parametrized via the effective number of

This study is done in collaboration with Carlos Argiielles and Aaron Vincent, and is in preparation for publication
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relativistic degrees of freedom, N, s, can dramatically affect BBN and cosmic microwave background (CMB)
observables. Second, a small ongoing interaction will lead to diffusion damping of cosmological perturbations
on small scales as power is carried away from the collapsing DM overdensities (and thus from gravitational
potential perturbations) by relativistic neutrinos. This suppresses structure on small scales and, if the effect
is large enough, affects the acoustic peaks of the CMB. While the former effect relies on thermal equilibrium
— independent of the interaction rate—, the latter does not, and, instead, leads to limits on the cross section
as a function of the DM mass.

Here, we turn to a novel complementary approach. We focus on present-day interactions between high-
energy cosmic neutrinos and the dark matter halo of the Milky Way. We use events from four years of HESE
observation that was already discussed in chapter 2. There, it was noted that the events arrival direction
are consistent with isotropic distribution. Indeed, this isotropy has been used to place constraints on a
galactic contribution, either from standard sources [97] or from the decay or annihilation of halo dark matter
[177]. Here, we constrain the dark matter-neutrino interaction strength by its effect on the isotropy of the
extragalactic signal. As they pass through the galaxy on their way to earth, the flux of interacting neutrinos
would be preferentially attenuated in the direction of the galactic centre, where the dark matter column
density is the largest. For large enough coupling strengths, this should lead to an observable anisotropy in
the neutrino sky.

In order to model the DM-v interactions at relativistic energies, explicit cross-sections must be derived.
To do this, we make use of simplified models, in which a DM and mediator spin, mass, and coupling are
specified, without making further assumptions on UV completion or gauge invariance of the underlying
model. Simplified models are a popular and convenient middle ground between contact-interaction effective
field theories — which break down when energy scales exceed the scale of new physics — and a full, rigid
UV-complete theory. Such models have been in use for over a decade [178] and have gained prominence in
the past few years in the quest to compare high-energy collider results with low-energy searches of particle
dark matter.

We consider four distinct simplified models which give rise to different high-energy behavior: a scalar DM
candidate with a scalar mediator; a fermionic DM candidate that interacts via a scalar or vector mediator
(a Higgs-like or Z’-like interaction), and finally a scalar DM candidate interacting via a fermionic mediator
— reminiscent of sneutrino DM with a neutralino mediator [179, 180], though this scenario has also been

generalized as a way of obtaining neutrino masses via a light DM sector [181].
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To compute our constraints, we construct a full un-binned likelihood for the observed events at IceCube,
based on the observed event energies and arrival directions. This must include a non-zero probability that
each event be of background (atmospheric) origin. We establish our limits via a Markov Chain Monte Carlo
search of the parameter space of each model, represented by the dark matter, mediator masses, and the
coupling strength.

In this chapter first, we describe the simplified model framework that we use, laying out the relevant
diagrams and dark matter-neutrino elastic scattering cross sections, as well as the propagation equation that
must be solved in order to model the attenuation of the cosmological neutrino signal by the Milky Way’s
DM. This is followed by a description of the IceCube neutrino observatory and of the high-energy events

used for this analysis in Sec. 8.3.

8.2 Neutrino-Dark Matter interaction

The existence of a new mediator connecting the dark sector to neutrinos leads to a non-vanishing elastic
scattering cross section. We use the formalism of “simplified models” [178, 182, 183] to parametrize the
effective theory of a new interactions between neutrinos and the dark sector. In this framework, one spec-
ifies a spin and mass for the dark matter and the new mediator, as well as a coupling, to construct new
effective interaction terms in the Lagrangian. This approach allows consistent computation of interaction
cross sections at energies well above the mediator mass, which would not be possible if one simply considered
four-point contact interactions.

Here, we focus on four simplified models which give rise to potentially observable neutrino-DM interactions
in the galaxy: a scalar DM with a scalar or fermionic mediator; and fermionic DM with a scalar or vector
mediator. In all cases, we refer to the DM particle as x and the mediator as ¢. The four models we considered
are shown in Fig. 8.1. Differential and total scattering cross sections for each of these models are given in
App. A.1. These are computed in the frame of the Galaxy, where the DM is at rest, since non-relativistic
thermal velocities can safely be neglected.

We take the incoming neutrino flux to be isotropic, extragalactic in origin, and model it as a power law
in energy. As the neutrinos propagate towards the Earth, they must traverse the diffuse dark matter halo
of the Milky Way, and in particular through the very DM dense galactic center. Each arrival direction is
therefore subject to a different column density of dark matter, and thus a different scattering rate, which is

reflected as an anisotropic attenuation of the signal observed at Earth.
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Figure 8.1: The four simplified DM-neutrino interaction models considered: (a) scalar dark matter-scalar
mediator, (b) fermion dark matter-scalar mediator, (c) fermion dark matter-vector mediator,
and (d) scalar dark matter-fermion mediator.

The attenuation of the extragalactic high-energy neutrino flux is described by the following cascade

equation

do(E)
dr

= —amyo(r) + [T g, (81)

where 7 is the DM column density and E is the neutrino energy. The first term on the right-hand side
of (8.1) accounts for the down-scattering of neutrinos from energy F to any other, while the second term
accounts for the reverse effect: scattering of neutrinos from any other energy E to E. Eq. (8.1) can be

simplified by applying the partial solution ¢ = e_‘”(i, reducing to

¢ _ o(E)T/ 2do(E\E) o5y, =
o =¢ dE Tl o(E), (8.2)

which we be solve numerically. This differential equation is solved up to the column density

(b,1) = /l ny(w5b,1) da, (8.3)

where b and [ are respectively the galactic latitude and longitude, and n,(z;b,1) is the dark matter
number density profile of the Milky Way along the line of sight (l.o.s).

To model dark matter distribution of the Milky Way, we take an Einasto profile with shape parameters
that fit the Via Lactea II simulation results , and a local DM density of ps = 0.3 GeV ¢cm™2 . The DM

column density and the arrival direction of high-energy cosmic neutrinos are shown in Fig 8.2.
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Galactic

Figure 8.2: The arrival direction of the 54 high energy starting events observed in 4 years of IceCube
data [29], in galactic coordinates. Crosses represent shower events, while x’s correspond to
tracks. The color scale is the column density of dark matter traversed by neutrinos arriving
from each direction.
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8.3 Data set and Likelihood test

8.3.1 Data

We use high-energy neutrino events from 4-year HESE analysis discussed in chapter 2 , which consists of
14 tracks and 40 cascades making a total of 54 events shown in Fig. 8.2. These events are compatible with a
power law spectrum given by E2¢(E) = 2.2 £ 0.7 x 1073(E/100 TeV) %58 GeV~lem =25~ !sr~1. Details on

HESE analysis and results was described in Chapter 2.

8.3.2 Likelihood function

If the incoming neutrino flux is indeed of extragalactic origin, then it can be reasonably assumed to
be isotropic, have a flavor composition (v, : v, : v;) = (1 : 1 : 1), and have equal flux of neutrinos and
antineutrinos. This is the expected composition for an origin mainly in pion decay, which is the expected
dominant mechanism. Nonetheless, a different flavor composition at production will yield an oscillation-
averaged flux that is very close to (1 :1: 1), and with current statistics, would not be distinguishable within
the space of flavors allowed by oscillation [184]. Furthermore, as noted in [185], if the production mechanism
is pion dominated, then — even in the presence of new physics in the propagation — the expected flavor ratio is
close to (1:1:1). Given that the precise value of the astrophysical neutrino spectral index at the sources is
not yet know, for definiteness, we set it to the expected value from Fermi acceleration mechanisms, i.e.y = 2;
this assumption does not impact our results strongly.

Based on these assumptions, we construct the following un-binned likelihood function for a given param-

eter set ¥ and set of observed topologies, energies, and arrival directions {¢, E, Z}

Nobs
E(t, E,f|’l9) — e—Nast—NaMn,_NM H (NastPast(tiy Ei,fi‘ﬁ) + Nathatm(tiy Eiafi) =+ NMPH(ti’ Ei; fi)), (84)

i=1

where the probabilities are defined by

Past(tiaEivfi) ~ Z Rt(fiaftrue)Rt(Ei7E)A6ff(f7 Eat7ftrue)qsast(E»ftrue'ﬂ) (85)

f=e,p,m

Patm(tiaEiafi) ~ Z Rt(fiaftrue)Rt(EiaE)Aeff(faEvti)Pveto(f,Eatvf)gbatm(Eaftrue) (86)

flv=e,u,7
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and P, (t;, E;, &;) is atmospheric muon distributions reported in [34]. The sum runs over the observed events
(Nops = 54). Then we integrate over the true neutrino energy and direction. We introduce the detector
angular resolution Ry(Z;, Z4rue) which we take as a Gaussian center around #; with median uncertainties
reported in [28, 29]. Similarly we introduce the detector energy resolution where we again assume normal
distributions. Then, we consider P*™ is a probability that event i is of atmospheric origin, while P(f|t;)
is the probability that an event of energy F and flavor f yield the observed topology t; = {track, shower}.
This includes a nonzero likelihood of track misidentification. A.¢¢ is the neutrino effective area reported
in [34]. Finally, ¢(FE,b,1) is the solution to the propagation equation (8.1), where the galactic latitude and
longitude (b, 1) implicitly specify the column density given by (8.3). The model dependence of eq. 8.4 thus

comes from the directional attenuation with respect to the isotropic hypothesis, £ o< ¢(E, b, [[9)/¢"*°(E).

8.4 Constraints from the IceCube data

We produce constraints on the DM-v scattering rate by evaluating Eq. 8.4 with the publicly available
emcee [186] Markov Chain Monte Carlo software. We scan over uniform priors in the space of {log m,, log m,
log g9 }. The upper limits on the coupling versus dark matter and mediator mass for each simplified model

is shown in Fig. 8.3

8.4.1 Comparison with cosmological constraints

Cosmological limits on the DM-neutrino scattering cross-section are obtained for two forms of the low-
energy cross section: either constant with temperature, or proportional to 72. Cosmological limits combining

Planck CMB data [187] and WiggleZ [188] large scale structure data give [189]:

_ m
Oconst. < 3 x10 31 (T&) CmQ; (87)
m 7\?
—40 X 4 2
o2 < 1x10 (Gev> <To) cm?, (8.8)

where Ty is the cosmological neutrino temperature today Ty = (4/11)/3Tcpp = 1.95 K.
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Figure 8.3: Upper limits on the couplings versus DM x and mediator ¢ mass for each of the simplified
models considered, based on the 4-year IceCube high energy contained vertex data. White
regions fall outside of the scan volume.

Assuming no new physics appears at these low-energies, we can thus recast Eqs. 8.7 and 8.8 into limits

in the mass-coupling parameter space. For scalar DM with a scalar mediator:

92912 E2

- E”_ 8.9
167rm‘}¢mi (8.9)

For fermionic dark matter, both scalar and vector mediators yield an energy-squared (oc T?) cross section

at low energies:
2 2702
99,5
~ XV 8.10
7 27rm;15 ( )
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In the case of scalar DM with a fermionic mediator, the cross section is rather:

g'm3E;

o~ . (8.11)
2mm2(m2 —m3)?

(scalar-scalar) To compare with Eq. 8.8, the average energy per neutrino in a Fermi-Dirac distribution can
be used: (E?) = 15¢(5)/¢(3)T? ~ 12.9T2.
We confront our limits on parameter space with the constrains from cosmology. The results are shown

in Fig. 8.4.

8.5 Summary

In this study, we evaluated the upper limits on the strength of the DM-neutrino interaction with high-
energy cosmic neutrinos observed in IceCube. These interactions are motivated by SM-DM interactions,
and we showed that IceCube cosmic neutrinos can provide constrains better than cosmology in parts of the
parameter space. These constrains would improve by statistics.

It is worth mentioning that the likelihood method introduced here, in principle, is capable of tracing back
other interactions of extragalactic cosmic neutrinos during their propagation provided that the interaction
is powerful enough to create an anisotropy in the arrival direction of cosmic neutrinos. In the absence of any
anisotropy in the arrival direction of cosmic neutrinos, the interaction strength or target density would be

constrained.
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Figure 8.4: Combined IceCube limits from Fig. 8.3 with cosmological limits given by Eq. 8.8, for the four
DM-neutrino interactions that we consider. Black contours correspond to the smallest (most
constraining) of the two limits, while cyan dashed lines show the cosmological constraints
alone. Contour labels are values of log(g,gy). Our limits are much stronger than those from
cosmology at low DM mass, where kinematics favor DM-neutrino scattering
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APPENDIX

A.1 Cross sections for simplified model of dark matter-neutrino interactions

DM-neutrino cross sections must be evaluated in the dark matter rest frame. We provide these here.
Both the neutrino energy F, and the scattering angle = cos(f) are therefore lab frame quantities.

1) Scalar dark matter with a scalar mediator.

do 9°9" (1 — x) EZm, (A1)
= 5 .
deost e (1 —2)E, +my) ((1 — x)B,ym3 + my (m?5 —2(z — 1)E3))
m2(2E,+m,)
o 4E§mx + (2El,m§) + 4E3mx + mimx) log (zEl,mijAEng:mimx) (A.2)
Olab = =99 1287 E2m2 (2B, m3 + 4E2m, +mZm,) '
2) Fermion DM with a scalar mediator
do ga—1)(g) E2m? (2(x — 1)E,my + (z — 1)E2 — 2m2) A3
= 5 .
deost g my, — (¢ — 1)E,)? (G = VB2 = my (w2 — 2~ 1)53) )
and
2,2 (2 2 2 2
. g2 (91)2 [ El,mi Eymxmq5 <m¢ — 4mx> N E,m, <m¢ — 4/TTI\LX)\
— o122 |7V T - \gF+)
32mEgm3 2E, +my (QE,,mX + mi) (4E§mx +2E,m3 + mxm@ 2E,my + g
m2(2E, +m,)
2 —2m?)1 oy X : A5
+ (mg — 2m3 ) log 4EZmy +2E,m2 + mym? (A.5)
3) Fermion DM, vector mediator
do g* (¢')? E2m2 (2(1 — 2)E, + (1 + 2)my) (A6)
dcosf '

47 (1 — 2)E, +my) ((1 - :v)El,mi + my (mi —2(x — 1)E3))2



924" - m3 (2B, + my) 4, E?
0= ——5—75 | mylog ) 2 2 2E,m?
16w Egmy, my (4E7 + mX) +2E,my my + W

4) Scalar DM with a Fermion mediator:

do g Eimy ((z — D)mg — 2(x — D)mgm3 + 8E((x — 1)E, —my)m$ + (z — 1)mimy)

dcosf Ar((x — 1) By —my)3((m3 — m3)? — 4EZm2)?

B0 — 2+ i + SER (28, + )
0 =
2r(2E, + mx)Q((mi _ mi)2 _ 4E§m§<)2
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