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Multimessenger searches for the sources of high
energy cosmic rays: IceCube, Fermi, Auger, TA.

Abstract

The results ofmultiple analyses usingdifferent astrophysicalmessengers are presented
in this thesis. The first test to be reported is a two-point autocorrelation analysis us-
ing seven years of neutrino data recorded by the IceCube Neutrino Observatory. No
significant evidence of clustering of neutrino events at small angular scales is observed,
thus upper limits are calculated for the northern and southern sky separately. The sec-
ond analysis focuses on the population of sources of blazars of theBL Lac type, more
specifically on the objects presenting a synchrotron peak located at high frequencies.
The correlation between IceCube neutrino events and catalogs of γ-ray sources is in-
vestigated as a starting point for the development of a three-messenger analysis. The
catalogs included in the search are the Third Catalog of Hard Fermi-LAT sources
and the third version of theWISE High Synchrotron Peaked Catalog. No significant
evidence of correlation is reported. The goal of the third analysis is to include in the
same correlation framework the information of ultra-high-energy cosmic ray events
recorded by the Pierre Auger Observatory and Telescope Array. Despite the absence
of significant correlation, conclusions can be extracted from the analysis, providing
an outlook for future iterations of the test. The final analysis presents the first quanti-
tative test aimed at connecting astrophysical neutrinos from the IceCube experiment
and AGNoutflows. Based on the same correlation analysis presented in the previous
parts, constraints on different models of neutrino emission from AGN outflows can
be placed.
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Thesis advisor: Professor Prof. Elisa Resconi Andrea Turcati

Zusammenfassung

Die Resultate von mehreren Analysen, die unterschiedliche astrophysikalische Mes-
senger verwenden, werden in dieser Arbeit präsentiert. Zuerst werden Ergebnisse ei-
ner zwei-punkt Autokorrelationsanalyse, von sieben Jahren IceCube Neutrino Da-
ten, präsentiert. Keine signifikanten Häufungen von Neutrino Events bei kleinen
Winkelskalen wird gesehen und daraus wurden obere Schranken für den Nord- und
Südhimmel bestimmt. Die zweite Analyse behandelt BL Lac Quellen, Objekte die
einen Synchrotron Peak bei hohen Energien aufweisen. Dafür wurde die Korrelati-
on zwischen IceCube Neutrino Events und Katalogen von Gamma-RayQuellen un-
tersucht. Dies dient als erster Schritt einer drei-messenger Analyse. Die verwendeten
Kataloge sind Third Catalog of Hard Fermi-LAT Quellen und die dritte Version
des WISE High Synchrotron Peaked Katalogs. Signifikante Korrelationen wurden
nicht gefunden. Die dritte Analyse nimmt das vorige Korrelationsframework und
inkludiert ulra-high-energy cosmic ray events gemessen vomPierre AugerObservato-
riumund demTelescopeArray. Obwohl keine Korrelation gefundenwurde, können
Rückschlüsse auf zukünftige Analysen dieser Form geschlossen werden. Zuletzt wird
der erste quantitative Test einer Korrelation zwischen astrophysikalischen neutrinos,
gemessen von IceCube und AGN Outflows gemacht. Diese Analyse beruht auf den
früheren dreien und führt zu Grenzen für verschiedene Modelle, die Neutrinoemis-
sion von AGNs beschreiben.
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Introduction

The IceCubeNeutrinoObservatory has by nowestablished its pivotal role in the new-

born field of multimessenger astronomy. After the first discovery and measurement

of an astrophysical neutrino flux [1, 2] in 2013, the tied relationship between different

astrophysical disciplines was made clear in 2017 by the observation of an extremely-

high-energy neutrino event at the location of a γ-ray emitting object in correspon-

dence of a flaring state [3]. This exciting result also highlighted the many challenges

that the scientific community has to face in order to gain a deeper knowledge on the

processes that characterize our universe. These difficulties can be looked at from dif-

ferent points of view: physical, mathematical, computational and organizational, but

they all provide a very inspiring outlook from theway they are one by one tackled and

solved.

In this thesis, I will report my contribution to the path towards establishing multi-

messenger astronomy. In order to build a comprehensive analysis, starting from the

IceCube neutrinos, all the information provided by γ-ray photons and Ultra High

Enegy Cosmic Rays will be introduced. Every chapter is written with the intent of

providing a new step towards gaining an insight to the complete multimessenger pic-

ture and along the way the most recent results will be presented. At the end of each

chapter I will also provide an outlook and the description of themain challenges that

each step presents. The structure of the Thesis is summarised in the following:

• Chapter 1 - In the first chapter, the physics of the three particles at the center of
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this Thesis is introduced. The current informationwe have about cosmic rays

is presented, together with the principles of their acceleration in astrophysi-

cal environments. The focus is then moved to two neutral particles: γ-ray

photons and neutrinos, highlighting their importance for multimessenger as-

tronomy.

• Chapter 2 - Two different classes of putative cosmic rays sources are described

in the second chapter. Active Galactic Nuclei, with particolar focus on blazars

of theBL-Lac type, are discussed in detail from amulti-wavelength viewpoint.

A second class of sources, Active Galactic Nulclei presenting ultra-relativistic

outflows, is then introduced together with their physical mechanisms of par-

ticle acceleration.

• Chapter 3 - This chapter will introduce the reader to the IceCube Neutrino

Observatory. The detector itself is discussed in great detail before explaining

all the steps of a neutrino event reconstruction. The focus of the chapter is

on neutrino events that provide the best astronomical information. The sta-

tus of the knowledge about the measured astrophysical neutrino flux is here

summarised.

• Chapter 4 - The most recent results of a two-point autocorrelation analysis

performed on 7 years of IceCube data is here reported. After an introduction

on the statistical method and a comparison to complementarymethods, both

results of the autocorrelation analysis and current upper limits are presented.

A closer look at the interesting galactic area of the Cygnus Region is also re-

ported.

• Chapter 5 - In this chapter, the secondmessenger (γ-rays) will be finally intro-

duced as a starting point to build a more complex analysis with three messen-

gers. After a brief summary on the status of the IceCube analyses investigat-

ing the connection between the astrophysical neutrino flux and different γ-

ray catalogs, a statistical method to look for correlations between the most in-
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teresting neutrino events and different Fermi-LAT γ-ray sources is described.

The results of this method are then reported, together with a discussion on

their possible explanation and an outlook on the method itself. An intuitive

mathematical method to calculate the significance of a correlation between a

neutrino event and a flaring γ-ray source is then described in a dedicated sec-

tion.

• Chapter 6 -This chapterwill finally present the completeCounterpartMethod

with threemessengers. The statistical method is described in detail before pre-

senting the most recent results of the analysis. A comparison with previous

results and a dedicate discussionwill conclude this part which focuses on high-

synchrotron-peaked BL-Lacs.

• Chapter 7 - The last chapter applies for the first time the statisticalmethods dis-

cussed in theprevious chapter on thepopulationofAGNswithultra-relativistic

outflows. Two different sets of sources are investigated in great detail, provid-

ing results that can be used as a solid starting point for future analyses.

3



4



1
The three messengers

After more than one hundred years from their discovery, cosmic rays are still one of

the most challenging fields of study in modern physics. Many developments have

been made over the years, but the main questions still remain unanswered. What are

the sources of cosmic rays? What are themechanisms of their production? What hap-

pens during their propagation to theEarth? Every piece of information that can get us

closer to the solution of these problems is fundamental to obtaining a deeper under-

standing on the underlying principles that drive our universe. Andwhilemany exper-

iments can be performed on Earth to study the fundamental laws of physics, Cosmic

Rays offer a unique window to an energy range that is yet not attainable within a

laboratory. This chapter will provide an overview on the properties of Cosmic Rays,

with a focus on their high energy components, γ-ray photons and neutrinos.
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1.1 Cosmic Rays

We define Cosmic Rays (CRs) the particles that reach the Earth after being produced

and accelerated at astrophysical sources. Protons, α particles and heavier ionized nu-

clei consititute the largest part of the primary cosmic radiation that hits the atmo-

sphere of our planet. These are the particles usually referred to as CRs. Other ele-

mentary particles such as γ-ray photons and neutrinos, despite formally being CRs,

are usually treated separately beacause of their importance in the field of multimes-

senger astronomy.

The energy range covered by CRs spans over twelve orders of magnitude, making

them one of the most interesting natural laboratories for particle physics at very dif-

ferent energy scales. The most energetic part of the CR spectrum, where particles

present themselves with ultra-relativistic energies up to 1020 eV, makes up for only a

small fraction of the total flux, but a very promising one. Ultra High Energy Cosmic

Rays (UHECR), if protons will point back to their source, are one of the best probes

to discover the origin of the CRs, and to shed light on themechanisms of production

and acceleration of these particles.

Many astronomical parameters enter in the modeling of CR diffusion, leaving

room for different interpretations of the phenomenon. Nevertheless, it is clear that

only a small fraction of the CRs is produced within our Solar System, while the ma-

jority has properties consistent with a galactic origin. The most energetic part of the

CRs is instead believed to be produced outside of our Galaxy, in astrophysical accel-
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erators that have yet to be unequivocably identified [4].

In the following sections the main properties of the primary CRs are introduced,

along with possible mechanisms that could explain their production and energy spec-

trum. Dedicated sections will then describe the details of the gamma rays and the

neutrinos of astrophysical origin.

1.1.1 Energy Spectrum, Flux and Composition

TheDifferential Energy Spectrum (Eq. 1.1) is one of the first properties used to char-

acterize CRs. It represents the number of particles at a given energy (E) per unit area

(A), time (T ) and solid angle (Ω). The integral of this quantity from a given energy

to infinity is also sometimes used and quoted as Integral Energy Spectrum (Eq. 1.2).

dΦ(E)

dE
=

d
(
N
A·T
)

dΩ · dE

[
particles

cm2 · sr · s ·GeV

]
(1.1)

Φ(E) =

∫+∞
E

ϕ(E ′)dE ′
[

particles

cm2 · sr · s

]
(1.2)

Particles that constituteCRs can reach theEarthwith energies spanning from1GeV

to almost 100EeV , nearly twelve orders of magnitude higher in energy. Low energy

particles are measured in high abundance, in the order of thousands per second per

square meter, while the particles detected at the highest energy are so rare that only a

few are expected per square kilometer per century (Figure 1.1). This difference in statis-

tics plays a role in the differing detection techniques used for low and high energy

particles. Low energy particles can be measured by relatively small detectors, usually

satellite or baloons experiments are preferred in order to avoid backgrounds causedby
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the atmosphere. These types of detectors are usually also able to determine with pre-

cision the particle’s type and its energy. UHECRs detection needs instead a very large

instrumented area in order to detect a reasonable amount of particles. For this reason,

experiments focused on energies higher than 10TeV are forced to be ground based.

They detect primaryCRs trough themeasurement of the particles produced by their

interaction with the atmosphere (secondary CRs), drastically reducing the precision

of the measurement of the primaries. The uncertainty of the energy measurements

over the whole spectrum usually scales proportionally to the energy, making a loga-

rithmic scale a natural way to represent the energy spectrum [4].

The differential energy spectrum is showed in Figure 1.1, plotted as E2 · ϕ =

E2 · dN/dE = E · dN/d lnE which is equivalent to the spectral energy density

νF(ν), a common quantity in multiwavelength astronomy, where the letter ν indi-

cates frequency. The spectrum can be in first order approximated with a power law

of the type dΦ(E)/dE ∝ E−γ, with the power law index changing at two different

points, the so calledKnee andAnkle. The primary CR energy spectrum begins with

a power law index of 2.7, then a hardening to a 3.1 index is observed starting at the

Knee around 106 GeV , and a softening back to a 2.7 index appears at EeV energies.

The spectrum then cuts off at 1011GeV [4, 5]. Themost common interpretation of

the spectrum changes considers the lower energy part dominated by CR originating

in the Solar system. The window between knee and ankle is instead believed to be

populated by particles accelerated inside our Galaxy, and only the most energetic tail

of the spectrum is thought to be of extragalactic origin.

Protons and helium nuclei represent the vast majority of the CRs. Electrons and

positrons are also present, but only at the percent level due to their significant energy

8
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Figure 1.1: Cosmic Ray spectra from different experiments. If not specified otherwise, data points

show the all particles flux. Statistical plus systematical (where given) errors are shown. Data is

taken from [6–12].

losses during propagation. The remaining part of the CRs is made of nuclei heav-

ier than helium, up to Z ≤ 30. Despite consituting the minority, they can provide

important information about themechanismofCRs diffusion through galacticmate-

rial. Figure 1.2 shows the relative abundances of different elements in CRs compared

to the abundances of the same elements in the Solar System. The abundances are

comparable for most of the elements, suggesting that the species present in the CRs

originate in an environmentwith a similar chemical composition to the one of the So-

lar System. Nevertheless, two groups of elements (Li, Be, B and Sc, Ti, V, Cr,Mn) are

overabundant in the CRs by as much as five orders of magnitude. These elements do

not enter the CRs from stellar nucleosynthesis and are produced by spallation, that

is the collision of cosmic ray particles with the interstellar medium. By knowing the

cross sections of these processes, it is then possible to learn about the amount and
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density of material traversed by the CRs between their production and their observa-

tion. The results bring to the conclusion that CRs are confined for a long time in the

galaxy before diffusion processes let them escape in the extra-galactic universe[4].
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Figure 1.2: Comparison between relative elemental abundances of Cosmic Rays at Earth (solid

circle, filled line) and Solar System (open cirlce, dashed line). Reference is Carbon=100. Data is

measured at energies between 100MeV and 1-2 GeV [13].

1.1.2 Galactic Cosmic Rays

The energy region up to a few GeV of the CR spectrum is dominated by the parti-

cles accelerated by the Sun. Different experiments like PAMELA have proven this

by studying the correlation between the solar activity and the flux of CR arriving at

Earth [14, 15]. Starting from ∼ 4 GeV, particles accelerated outside our system have

enough energy to penetrate the shielding offered by the solar wind.
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The CRs produced in our Galaxy are thought to dominate the energy spectrum

until 1018eV. Charged particles are bound to interact with galactic magnetic fields,

adding a random deflection to their direction. Nevertheless, at these energies the Lar-

mor radius of the particles is usually still smaller than the spatial dimension of the

galactic disk, providing confinement inside the galaxy [5].

The smooth steepening of the energy spectrum starting at 3 · 106 GeV (also called

Knee, see Figure 1.3) is a feature not unequivocally understood yet, traditional expla-

nations ar the Peters cycles [4, 16]. Given amaximum energy attainable by particles in

a generic accelerator, magnetic fields encountered both at origin and during propaga-

tion must characterize the energy spectrum. The relevant quantity to take into con-

sideration is then themagnetic rigidity (R ≈ E/Ze). If a characteristic rigidity exists,

particles with different value of Z will cut off at different energies, producing a spec-

trum with the familiar shape as sketched in Figure 1.4. Different analyses performed

by different air-shower experiments seem to suggest the veridicity of this model by

showing a change from light to heavy elements in CR composition [17]. The pres-

ence of more than one class of galactic CR accelerator is nevertheless not ruled out

[4].
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1.1.3 Ultra High Energy Cosmic Rays

Above the Knee, the CR energy spectrum can be described with a single power law

until theAnkle at ∼ 109 GeV. This description is only valid as a first approximation:

recent experiments have shown that different features with varying slopes appear in

the region between theKnee and theAnkle [17]. The effect can be explained by over-

lapping contributions of different species of particles coming from different popula-

tions of accelerators [4].

In this energy range particles can escape the magnetic fields at their origin, and

travel through intergalactic spaces. The extragalactic origin of these CRs is also sup-

ported by the absence of any anisotropy in their arrival direction correlated with the

galactic plane. It is important to note that the presence of a dipole anysotropy of CRs

above 8 EeV, non correlated with our Galaxy, has been observed by the Pierre Auger

Observatory [19].

Above theAnkle, the CR from extra-galactic sources are finally thought to domi-

nate over the ones with galactic origin [5]. Finally, the energy spectrum above 6 ·1010

GeV shows a clear steepening of the power law. It is still unclear if the cut-off is caused

by the Greisen-Zatsepin-Kuzmin (GZK) effect, i.e. the interaction of CR protons

above the energy of 5·1010GeVwith photons of theCosmicMicrowave Background

(CMB) producing ∆+ resonances [20, 21]. Another possible interpretation of the

cut-off could be a feature of the CR sources themselves, which might indicate that

at this point of the spectrum a maximum energy available for particle acceleration is

reached. In this last framework the results of the chemical composition analyses of

theUHECR are of fundamental importance. A high percentage of heavy elements in

13



CRs at these energies, as reported by the latest measurements from the Pierre Auger

Observatory (Figure 1.6), might infact suggest the presence of Peter’s Cycles at these

energies, indicating the existence of a limit in acceleration energies of the CR sources

[22–24].
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Figure 1.5: Cosmic Ray spectra from different experiments in the energy range of the Ankle. If

not specified otherwise, data points show the all particles flux. Statistical plus systematical (where

given) errors are shown. Data is taken from [11, 12, 18, 25].
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Figure 1.6: Position of the average showermaximumXmax versus energy. Measurement from

the Pierre Auger Observatory [22] are compared to air shower simulation for protons (orange) and

iron (cyan) using different hadronic interactionmodels.

1.2 CR Production and Acceleration

CR particles arrive at Earth with energies much larger than the thermal energies of

typical astrophysical environments. Specific acceleration mechanisms different from

blackbody radiation are needed to explain the energy spectrum observed. The ac-

celeration processes have to be able to explain the shape of the measured spectrum,

once convolved with the effects of the propagation through galactic and intergalactic

spaces. Thismeans that charged particles can not be traced back directly to a pointlike

source because of the deflection due to magnetic fields. The study of neutral secon-

daries is then fundamental to pinpoint production and acceleration centers of CRs.
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1.2.1 Shock Acceleration

Historically, the first candidates for particle acceleration in astrophysical phenomena

were supernovae explosions [26]. They are not only plausible from an energy balance

point of view, but the shock wave associated with the explosion served as a starting

ground to develop the different accelerationmechanisms that can be used to describe

the physics of many different species of astrophysical objects.

First and Second Order Fermi Acceleration

With a first article in 1949, Enrico Fermi developed the two basic scenarios thatmodel

how a particle can be brought to very high energies throughmultiple repeated interac-

tion with clouds of material. In this framework, large masses of moving magnetized

plasma can transfer energy to individual charged particles that happen to collide with

them. If the particle remains contained in a delimited region where these collisions

are frequent enough, it could be brought to the very high energies measured in CRs.

Thismechanism, called Second Order Fermi Acceleration [27], produces a power law

energy spectrum as needed, but its characteristic time is inversely proportional to the

square of the cloud velocity. The quadratic dependence makes it much less efficient

when compared with the First Order Fermi Acceleration[28]. In this other frame-

work, the particles subjet to acceleration are moving between two (or more) mutu-

ally approaching clouds of material, or through two zones of material separated by a

shock front. The geometry of the plane shock front forces head-on collisions which,

in contrast to the interaction of the Second Order mechanism, always produce an in-

crease of energy for the colliding particle. The characteristic time for the acceleration

is then drastically reduced, significantly increasing the efficiency of the acceleration.
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Themost striking feature of the FermiAccelerationmodel is that, even though the

exact resulting value varies depending on which parameters are used to describe the

inner properties of the clouds, the predicted differential spectral index for a standard

case of a plane shock front in a monoatomic gas is very close to the one actually ob-

served in the CR energy spectrum [5].

The maximum energy attainable by a charged particle during acceleration pro-

cesses is always function of its Larmor radius: with a radius large enough, the par-

ticle will in fact escape the region in which the acceleration occurs. This dependence

poses limits on the maximum energy of shock accelerated CRs that is dependent on

the properties of the accelerator, namely its magnetic field and its size (B and R in Eq.

1.3).

EMax ∝ ZeβBR (1.3)

1.3 Gamma Rays

The charged particles that constitute the cosmic rays undergo relevant deflections due

to magnetic fields during their propagation. This makes the identification and study

of the CR sources an almost impossible task by only using the charged fraction of

the particles arriving to Earth. Photons are neutral particles that are produced by

accelerated electrons and possible also protons, and they have been measured up to

very high energies in the CR spectrum. Contrary to charged particles, photons do

not get deflected by magnetic fields and point straight to the objects where they orig-

inated. While photons are produced through radiation or decay by both leptonic

and hadronic processes, neutrinos are instead created only in hadronic processes (see

next Section 1.4). The standard naming definition calls photons from ∼ 30MeV to
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100GeV High Energy (HE) γ-rays, and Very High Energy (VHE) γ-rays ones with

larger energies.

The Spectral Energy Distribution (SED) of an object represents the energy flux of

the object in different energy bands and it is commonly used to characterize different

types of astrophysical objects. The quantities plotted in a SED are the flux density per

frequency (νF(ν) vs. ν), or the equivalent in energy units (E2dN/dE vs. E).

1.3.1 The hadronic model

The acceleration of charged hadrons like protons is always accompanied by photons

and neutrinos generated by the decay of charged and neutral mesons. These mesons,

a majority being pions, are produced by proton-proton collision via standard interac-

tion of the type

p+ p→ π±, π0, K±, K0, p, n, ... (1.4)

These interactions are dominated by inelastic processes, with secondary particles char-

acterized by low transverse momentum values. In analogy with the terrestrial acceler-

ator experiments, these processes are often called by the name of astrophysical beam

dump [4].

A secondprocess of photonproductionbyprotons is similar to the oneunderlying

the GZK cutoff. High energy protons can interact with low energy ambient photons

(photoproduction), the resonance produced will then decay in the form of secondary
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mesons:

p+ γ→ ∆+ → π+ + n (1.5)

→ π0 + p (1.6)

The cross section of the former process is two order of magnitude larger than the

latter one, nevertheless, in an environment with a high density of ambient photons

compared to the density ofmatter, the photoproduction process might be dominant.

Different types of sources will be characterized by different contributions of the two

processes [5].

Neutral pions decay in γ-rays:

π0 → 2γ. (1.7)

The two photons per meson produced by the decay are emitted isotropically in the

rest frame, but they are boosted as the meson in the laboratory frame. The conse-

quence is that the γ-ray spectrum, after a steep rise above production threshold en-

ergy (∼ 200MeV), reproduces the original spectrum of the protons. The presence

of a so called pion-decay bump is an unique feature to identify proton acceleration in

astrophysical objects. Neutral pion decay is themain source of diffuseγ-ray radiation

inside our Galaxy [4].

1.3.2 The leptonic model

The SEDwindow that goes from radio to soft X-rays is inmost objects dominated by

the radiation emitted by accelerated electrons propagating through strong magnetic
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fields. The radiation pattern of the relativistic electron in a magnetic field is beamed

in the direction of motion of the electron itself, which bends proportionally to the

magnetic field. The spectrum of the radiation emitted depends on the energy of the

electron (E) and on themagnitude of the field (B), showing a peak at the synchrotron

frequency (νs)

νS ∝ BE2. (1.8)

The synchrotron flux from source with radius R at a distance d emitted by a popula-

tion of particles with a power-law energy distributiondN/dE ∝ E−p, can be shown

to be

F(ν) ∝ R3

d2
B1+αν−α, (1.9)

where α = (p − 1)/2. Charged particles with a mass larger than the electron exper-

iment a suppression of the synchrotron radiation proportional to their mass. This

implies that proton synchrotron radiation becomes relevant only in extreme objects

[5].

The full synchrotron spectrum of a source is observable only if the material sur-

rounding the acceleration region is transparent enough to allow the radiation photon

to escape. These sources take the name of optically thin. In the opposite case, optically

thick sources present absorption patterns thatmodify the shape of the spectrum. Syn-

chrotron self-absorption takes place when charged particles interact with the emitted

synchrotron photons. Depending on their frequency ν, photons will travel different

lengths inside the material, permitting high-energy photons to travel through the en-

tire absorption region, while the lower energy ones are able to escape only if produced

close enough to the edge of the source. In an asymptotical case, for an optically thick

source this reflects in a differential power emitted that is not dependent on the energy
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distribution of the emitting particles (∝ ν5/2). The more common case will present

a differential spectrum in which the emitted power increases with the frequency un-

til it reaches a peak, then it will fall off with the same powerl-law α of the emitting

particles.

Another important secondary radiatonprocess is Inverse Compton scattering. Con-

trary to standard Compton emission, in which an electron at rest scatters with a high-

energy photon. In this case it is the accelerated charged particle that donates part of its

energy to an ambient photon. Depending on the energy of the photon, this process

is regulated by the classical Thompson cross section (Eγ ≪ mec
2) or by the Klein-

Nishina cross section (Eγ ≫ mec
2). The former case being much more efficient

when compared to the latter. This type of interaction takes advantage of a factor of

Γ 2 in boosting the photon energy, permitting to a photon in the Thompson regime

to easily gain a large amount of energy in a reasonable amount of scatterings.

1.3.3 Extragalactic Background Light

Once the distance to a γ-ray source is larger than the mean free path of a photon, the

Universe becomes opaque to γ-rays with high energies. The main process of photon

absorption is pair production through scattering with ambient low energy photons

γ+ γAmb. → e+ + e−. (1.10)

The ambient photons cover an energy range that goes from the Cosmic Microwave

Background (CMB) to Ultraviolet wavelengths. These photons take the name of Ex-

tragalactic Background Light (EBL). The cross section describing the process become
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significant for scatterings on CMB photons starting from a γ-ray energy of approxi-

mately 100 TeV [5].

The presence of significant contamination from nearby objects creates many prob-

lems for the direct measurement of the EBL. Different models have been developed,

but the intensity and shape of the EBL spectrum is still variable in a wide range due

to different modeling approaches and uncertainties in model parameters [29, 30].

1.4 Neutrinos

The existence of CRs sources motivated neutrinos as probe of cosmic accelerators.

Since neutrinos have a much lower interaction cross section than photons, the detec-

tion of neutrinos of astrophysical origin turns out to bemuchmore challenging than

γ-rays. Together with photons, neutrinos share the advantage of not being deflected

bymagnetic fields, andmore over they do not suffer relevant absorption phenomena

thanks to their very small cross section. Neutrinos are also of fundamental impor-

tance to unequivocally investigate the hadronic processes that take place inside CRs

sources.

The astrophysical beam dump process used to explain γ-ray production through

the decay of neutral pions can also be used to explain the production of high-energy

neutrinos. Together with π0, π+ and π− are produced in approximately the same

number. While their neutral counterpart decays in two photons, the processes con-
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nected to charged pions decay are

π+ → µ+νµ (1.11)

π− → µ−ν̄µ. (1.12)

(1.13)

The muons produced by pion decays also decay in the following:

µ+ → e+νeν̄µ (1.14)

µ− → e−ν̄eνµ. (1.15)

(1.16)

For detection purpouses, neutrinos and anti-neutrinos are equivalent, from now on

we will indicate both as neutrinos. The final particle balance of these decay processes

is a ratio of 1/3 betweenγ-rays and neutrinos. The final ration between photons and

neutrinos in photoproduction processes is also

Lν

Lγ
=
1

3
. (1.17)

Concerning the flavour of neutrinos, a ratio betweenνe,νµ andντ of 2 : 1 : 0 at the

source will be diluted to a 1 : 1 : 1 ratio at detection thanks to oscillation during the

very long propagation path [4].
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2
Source Candidates

The first evidence of neutrino emission in coincidencewith aγ-ray flare from a blazar

sets amilestone for the young field of neutrino astronomy [3]. Nevertheless, the road

to reach a state of development similar to the currentγ-ray astronomy is still long and

challenging. The process of understanding the components of the diffuse astrophys-

ical neutrino flux, identifying its sources and unequivocally connect them to γ-rays

and Cosmic Rays is still in its infancy, but the cornerstone of a real multimessenger

astronomy has been placed. This chapter will review the theory behind two different

putative classes of sources: Active Galactic Nuclei (AGN) of the BL Lac type and

AGN presenting strong relativistic outflows.
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2.1 Active Galactic Nuclei

Active Galactic Nuclei are strong astrophyisical sources that emit radiation overmany

orders of magnitude in frequency, covering nearly the full electromagnetic spectrum.

Their name is motivated by the presence of an active nucleus that compared to stan-

dard galaxies is able to outshine the stellar material. This nucleus is constituted by a

spinning Supermassive Black Hole (SMBH), with amass larger than 106 SolarMasses

and an extension between 10−7 and 10−3 pc. AGN are powered by the gravitational

energy that is released by material falling into the central SMBH. The mass of the

blackhole is usually proportional to the luminosity of theAGN,makingheavier black

holes easier to discover. Another important quantity for the SMBHdescription is its

spin, which is thought to influence the radiative efficiency of the accretion disk and

the emission of relativistic jets. The accretion material is located in a thin disk sur-

rounding the nucleus, extending to distances up to 1 pc. The accretion flow is of

fundamental importance in the description of the AGN, its rate is infact connected

to the luminosity of the disk and its internal structuremay influence the launching of

relativistic jets and explain the variability that is observed in every AGN. Additional

clouds of material are usually located in the region between 1 and 10 pc in a typical

toroidal shape. The internal structure of the torus remains uncertain, but it is thougt

to be extremely variable and change from a diffuse and homogeneus distribution to

an assemblement of clumpy clouds. These differences are important in the descrip-

tion of the possible obscuration of the SMBH and the accretion disk. The possible

presence of Doppler boosted radiation in the form of jets and their orientation have

a major role in AGN classification, and their emission carachteristic are described in

Section 2.1.2. The role of the host galaxy is of increasing importancewith the decrease

of the AGN luminosity, it infact mostly produces contamination and obscuration ef-
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fects, but it is also taken into consideration as an additional source of fuel for the black

hole accretion [31].

AGN have many different characteristics that make them very interesting candi-

dates in the search for CRs sources. They are the most powerful non-explosive ob-

jects in the knownUniverse, with very high luminosities, up toLBol = 1048 erg s−1.

This featuremakes it possible to observe incredibly far AGN, the furthest of them be-

ingmeasured at z = 7.1 [32]. Their luminosity function presents a strong evolution,

with a peak at z ∼ 2. The emission region have a size of the order of 1010 km, which

can be considered small for the energies of observed emission, this implies the pres-

ence of very high energy densities [33, 34].

The SED of AGN covers the full electromagnetic spectrum, showing different fea-

tures that can be connected to different physical processes happening in different re-

gions of the object. These features are commonly used to classify AGN in many dif-

ferent classes that most of the time focus on a specific property in a specific window

of the energy spectrum. This approach can cause selection effects and biases that can

be prevented with a broad multiwavelength study of the objects, see [31] for more

details. Starting from the lower energy bands, it is possible to explore the different

aspects that characterize AGN and describe the physical processes that are believed to

produce them. The main features of the spectrum are illustrated in Figure 2.1.

The radio energyband is dominatedby syncrotron emissionof accelerated charged

particles that can usually be parametrized with a power law. The coefficient α of the

power law can be used to distinguish steep (α ≤ 0.5) from flat (α ≥ 0.5) [35–37]

radio spectra: a steep spectrum usually corresponds to extended sources, while a flat
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Figure 2.1: Illustration of different AGN Spectral Energy Distributions (SEDs). The non-jetted

SED is based on observation of quasars ([Elvis et al., 1994; Richards et al., 2006a]). The jetted high

synchrotron peaked (HSP) distribution is based on the SED of the BL LacMrk 421. The jetted low

synchrotron peaked distribution (LSP) is based on the SED of 3C 454.3. Image adapted from [31]

spectrum is characteristic of more compact objects. Among the compact objects, the

ones that host relativistic jets oriented at an angle smaller than 20◦ with respect to the

line of sight are called blazars [38, 39]. Blazars are the dominating class of sources in

the bright radio energy band.

It is now commonly accepted that the dusty torus surrounding the accretiondisk is

responsible of the features of in the infrared (IR) band of the energy spectrum of the

object. The clouds ofmaterial that constitute the torus can interactwith the radiation

originated in the accretion region, shifting it to lower energies in order to dominate

the IR band [40]. The details of the spectrum depend on the amount of obscuration

that the dusty torus provides over the inner accretion region [41].
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The accretion disk surrounding the SMBH generates radiation in a continuum

that goes from optical wavelengths, to ultra violet, to X-rays [42]. More in detail,

when the AGN orientation permits the direct observation of its inner region, it is

possible to distinguish a region with broad emission lines (BLR), typical of gas mov-

ing at a velocity of a few thousands of kilometers per second [43]. This region is

believed to be located between the central SMBH and the inner surface of the dusty

torus. Gas with slightly lower velocity (300 − 100km/s) is instead present in the

narrow emission lines region (NLR), located below and on top of the accretion disk.

The two subclasses of blazars can be identified by features in the optical wavelengths.

Flat Spectrum Radio Quasars (FSRQ) present strong broad emission lines, while BL

Lacs are often completely featurless, displaying weak emission lines at most and ab-

sorption features in some cases. These differences can be observed in Figure 2.2.

350 400 450 500 550 600 650 700 750 800
λ / nm

1

2

F λ
 / 
a.
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FSRQ (3C 273)
BL Lac (Mrk 421)

Figure 2.2: Comparison between the spectra at optical wavelengths of a BL Lac (Mrk 421, blue line)

and a FSRQ (3C 273, orange line). Data from [44, 45].
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Currentmeasurements show that everyAGNtype presents some formof emission

in the X-ray wavelength. This observation is caused both by the fact that X-ray pho-

tons, especially at higher energies, can penetrate through large quantities of matter

and by the fact that X-ray emitting processes from the host galaxy are typically differ-

ent orders of magnitude fainter than the ones observed in the AGN. These features

make the X-ray surveys the most complete in terms of AGN identification in the uni-

verse [46]. The specifics of the energy spectrum are tightly related to the inclination

of the objects with respect to the line of sigths and to the geometry of the internal

components of the AGN. It is believed that the main contributing process is the in-

verse Compton scattering of photons from the accretion disk and their interaction

with the atmosphere above and below the disk (called Corona) and with the dusty

torus [47]. In AGN where jets are present, their contribution to the X-ray compo-

nent of the spectrum can be significant.

AGNwithout a jet do not seem to reach energies high enough to populate the spec-

trum at the γ-ray wavelengths [48]. Only blazars are detected in this energy band,

making them the dominand contributors at the highest photon energies. Their ex-

tremely powerful radiation originates in the relativistic jets pointing directly to the

observer [38].

2.1.1 Blazars

As introduced in Section 2.1, Blazars are AGN that present at least one jet that is

collinear to the line of sight. Despite being aminority amongAGN, blazars dominate

theγ-ray sky and the bright-radiowavelength. The SEDof blazars spans over the full

electromagnetic spectrum, covering many orders of magnitude in energy with a very
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characteristic double humped spectrum (see Figure 2.1). The first hump is universally

accepted to be produced by synchrotron emission from electrons. The peak of the

hump takes the name of ν-peak, and it is usually located in the I.R., Optical/U.V. or

X-ray energy band. The position of the peak is used to classify these objects: sources

with a ν-peak situated at frequencies smaller than 1014 Hz are called LSP (Low Syn-

chroton Peaked), sources with a ν-peak situated between 1014 and 1015 Hz are ISP

(Intermediate Synchroton Peaked), and finally sources with aν-peak larger than 1015

Hz areHSP (High Synchroton Peaked) [49, 50]. The physical process behind the sec-

ond hump is still unknown, with the candidates being a pure leptonic origin [51], a

pure hadronic one [52], or a mixture of the two (see Section 1.3). In a leptonic sce-

nario, the hump is produced by inverse Compton scattering of the electrons acceler-

ated in the jet with their own synchrotron emission. The hadronic scenario instead

has synchrotron emission from protons as the source of this spectral feature. This

latter case is interesting for multimessenger studies because it will imply that blazars

are also sources of high energy neutrinos and CRs [53, 54].

While the two classes of blazars (BL Lacs and FSRQs) are classified using features

of their spectrum at optical wavelengths, they present significant differences also in

the highest energy part of the SED. FSRQs mostly show a steep γ-ray energy flux

in the HE energy band, dropping off before the VHE band in most of the cases. BL

Lacs present amore flat spectrum atHE,with the cutoff being at VHE energies. Both

classes of blazars are found to be highly variable objects, with flares being observed at

differentwavelengths (usuallyX-rays andγ-rays). The time scales of the flares are also

very different and they can cover from short (minutes to hours) to very long (months)

time intervals. The duration of the flares can provide useful information on the size

of the environment in which the particle acceleration takes place. The trigger mecha-
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nisms behind the flares are still under study [55–57].

Thanks to detailed studies on blazar luminosity functions, their cosmological evo-

lution and their number densities, togetherwith the latestmodels of EBL absorption,

it has been possible to estimate the contribution of both BL Lacs and FSRQs to the

Extragalactic γ-ray Background (EGB). It has been calculated that blazars consitute

significant part of the whole EGB [58]. Especially above 100 GeV, HSP objects are

shown to be the dominant source candidate, leaving very small to no room for other

species of sources (see Figure 2.3).

2.1.2 The Jet

The role of a collimated outflow of relativistic particles under the form of a jet is

of fundamental importance in the description of the fluxes of γ-rays, neutrinos and

eventually UHECR. Current telescopes are still challenged by the observation of the

details of the jet and can not yet provide a clear confirmation to the mechanism of

the jet production and to its composition. The accretion of the diskmaterial into the

black hole with the corresponding release of gravitational energy is thought to be the

main engine powering the jet emission. Particles in the jet will experience a relativistic

boost up to a Lorentz factor of 50, exhibiting a further beaming effect in the case of

jets pointing towards the observer, even producing cases of apparent superluminal

motion. The particles of the bulk of the jet will encounter various photon fields on

their way to the observer, providing different ways of explaining the fluxes measured

at Earth [59].

If the energies of the accelerated protons are not above photoproduction thresh-
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old, the main component of the observed flux will be produced by accelerated elec-

trons and pairs interacting with photons fields at lower energies. These fields may

have various different origins: radiation from the accretion disk, the corona or the

dusty torus, or they could be a feature of the jet itself and be produced by an outer

layer of slow moving material interacting with a boosted spine of ultrarelativistic

plasma in the inner region of the jet. When protons are accelerated at high enough

energies, their synchrotron radiation together with the radiation produced by their

secondary muons dominates the second hump of the blazar SED [60].

The complex feature of the SED and especially the time variability in the emission

of the jets are very difficult to explain with elementary models which describe the

emission region as spherical and uniform. More advanced models picture the jet as a

set of different cylindrical layers [61], or a set of shells ejected at different speed that

collide with each other [56]. Such models with multiple zones of emission are cur-

rently under study, and offer promising results [62].

2.1.3 The Cumulative Neutrino Background

Decades of experience inγ-ray astronomymade possible to develop advancedmodels

that are of fundamental importance in explaining the measured spectral data points

from various astrophysical objects. Neutrino astronomy is comparatively in its in-

fancy, but it can learn significatively from the techniques that have been adopted be-

fore in the γ-ray branch.

A detailed modeling of the blazar SED can infact convey important information

on the expected neutrino fluxes and possibly guide the existing neutrino experiments
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towards the discovery and characterization of neutrino sources. As an example, as

showed in [63], an expected flux of neutrinos at Earth can be estimated starting from

the modeling of HBL objects that have been spatially and energetically correlated

with single High Energy Starting Event (HESE) measured by the IceCube Neutrino

Detector. The physical assumption is a standard leptohadronic [64] model that is

parametrized by a proportionality factor between the neutrino flux and the γ-ray

flux. The flux of the single objects can then be inserted in a generalized model able

to reproduce the statistical properties of blazars in different energy bands (the Blazar

Simplified View [65]), and after integration an expected flux of neutrino can be cal-

culated. As showed in Figure 2.3, in parallel to what it is believed to happen inγ-rays,

BL Lacs could explain the whole neutrino flux above a certain energy (100 GeV for

γ-rays, 0.5 PeV for neutrinos). However, it is important to note that recent analyses

on the neutrino data constrain the maximum blazar contribution to the measured

neutrino flux to ∼ 30% (see chapter 4).
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Figure 2.3: Theγ-ray and neutrino extragalactic background predicted by [58] (pink band) and

[63] (cyan band). The points represent the datameasured by the experiments: Fermi-LAT (purple

triangles) and IceCube (blue dots).

2.2 AGN Outflows

Even though the contribution of blazars to the Extragalacticγ-ray Background (EGB)

is of primary importance at high energies, they can account for ∼ 50% of the flux at

energies lower than 10GeV[58, 66]. This energyband sees the emergenceof otherpos-

sible contributing classes of sources, and among the more established populations of

radio galaxies and star-forming galaxies, recent models predict a significant contribu-

tion from AGN without relativistic jets. Several observations have shown that these

objects are capable of emitting wide-angle, non-collimated outflows of high velocity

material [67–69].

The large scale outflows are generated by the interaction of soft relativistic winds

ejected from the inner constituents of the AGN with the galactic material. These
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winds are believed to be able to sweep material out of the galaxies and in extreme

cases to even stop star formation [70]. The shock interaction of the ionized particles

acceleratedby thewinds and the interstellarmaterial (ISM) canoriginate non-thermal

emission in γ-rays and possibly neutrinos and UHECR.

2.2.1 Dynamics of the winds

The process of particle acceleration that takes place in AGN outflows is thought to

be similar to the one used to describe shock acceleration due to supernovae explosion.

Once theorized to explain the mechanism at the origin of the death of certain galax-

ies, these outflows are now commonly observed [71, 72] in objects at a wide range of

redshift, with outflows measured up to velocities of 0.1− 0.3c [73, 74].

The constituents of the winds are ionized and neutral nuclei and protons, likely

belonging to the accretion disk of the AGN. They are accelerated through radiation

pressure by the radiation fields surrounding the central SMBH, and can cover dis-

tances that go from 10−3 to 103 parsec [75]. The interaction of the AGNwinds with

the ISM can be modelled in a similar way as the stellar winds interacting with ISM

gas. The particles accelerated by the winds drive shock fronts in outward direction.

The shock contributes to accelerate and sweep the ISMparticles. At the same time an

inward directed front travels backwards, decelerating the wind itself. In momentum

driven shocks, most of the energy of the wind is dissipated in form of radiation, and

only its momentum is transferred into the ISM. In winds with the right properties,

the cooling does not happen efficiently, causing all the energy of the gas to be shared

with the target material, inducing an adiabatic expansion able to push the ISM even

further away. These latter types of shocks are called energy driven [76]. Collision be-
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tween accelerated particles are able to generate γ-rays, neutrinos and more in general

CR as described in chapter 1.

2.2.2 Outflow contribution to the three messenger fluxes

Different prediction on the fluxes of particles produced by AGN outflowsare cur-

rently available for all three of the astrophysical messengers. Three models concern

both γ-rays and neutrinos Wang et al. [77, 78], Lamastra et al. [76], Liu et al.[79]

and only one goes as far to predict a possible outflow contribution to the UHECR

flux (Wang et al.) [80].

The first step of each model is to describe the hydrodynamics of the outflow with

equations that provide a description for the evolution of themasses, pressures and di-

mensions of the different shells that constitute the shock. Apopulation of accelerated

protons is then injected into this environment with a chosen power law energy dis-

tribution and its dominating interactions are taken into consideration to provide the

fluxes of particles exiting the galaxy. Inelastic scattering between protons generates

neutral and charged pions, that can decay in γ-ray photons, electrons and neutrinos.

Accelerated electrons can further contribute to the γ-ray flux. The single source flux

is then integrated over the entire AGN population at all bolometric luminosities and

redshifts. Further extragalactic effects like EBL absorption are finally applied to pro-

vide the fluxes measured at Earth.

Figure 2.4 shows the fluxes predicted by Wang et al., Lamastra et al. and Liu et

al. The first one is the model that seems to better describe the data: by fitting the

γ-rays to the residual (the fraction of the flux not attributable to other sources) of
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the EGB measured by the Fermi-LAT experiment [66], it is possible to reproduce

the fluxes observed in both astrophysical neutrinos and UHECRwithout further pa-

rameter tuning. The addition of the contribution by electrons and the integration

using a dedicated Semi Analytical Model of hierarchical galaxy formation by Lamas-

tra et al. produces similar results, with the worrying feature of overshooting the EGB

measured by Fermi in the few GeV energy window. The latest model by Liu et al. in-

troduces further complexity and provides the most stringent results for the outflow

contribution to the three astropysical messenger fluxes. The differences between the

two formermodels and the latter aremultiple: at first approximation,Wang et al. and

Lamastra et al. take a R−2 approximation for proton density in the galaxy down to

the smallest radii, introducing an artificial high density and scattering efficiency. Liu

et al. model the inner core of the galaxy as uniform, generating a flatter spectrum at

energies smaller than 10 GeV. Their work also include proton cooling effects due to

inelastic collisions and the adiabatic expansion of the gas. Additionaly, it is important

to notice that the fluxes produced by the expansion of the shock through the galactic

disk and the outer galactic halo are significantly different. Since the time spent by the

shock front in the halo is much larger than the one spent in the disk, and the aver-

age life of an AGN is shorter than the age of the galaxy, it is appropriate to average

the γ-ray and neutrino luminosity over the entire evolution, and then integrate over

redshifts, as done both in Wang et al. and Liu et al. Finally it is important to point

out that the EBL absorptionmodel used inWang et al. and Lamastra et al. ([30]) has

been proven outdated, a more recent model ([29]) is used by Liu et al.

The optimistic conclusion that can be taken from these studies, is that AGN out-

flows can contribute up to ∼ 30% to the EGB flux without violating other indepen-

dent upper limits. The contribution to the neutrino diffuse flux is limited to ∼ 20%
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in the energy range 1 − 100 TeV, but the fraction can become larger at higher ener-

gies. For what it concerns theUHECR flux, despite a connection toAGNoutflows is

very intriguing, the studies are still too few to provide a clear estimate on the possible

contribution.
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Figure 2.4: From left to right, using filledmarkers, measured data is shown for the cumulative EGB

(upward triangles) [66], the diffuse neutrino fluxmeasured in two different topologies (grey shaded

area and circles) [2, 81] see chapter 3, and UHECR flux (downward triangles and squares) [82, 83].

For the EGB, the contribution from sources other than AGN outflows, i.e. blazars, radio galaxies

and star-forming galaxies is plotted using a dashed black line. The residual flux is plotted using

with upward triangles. The fluxes predicted by [80] are showed as a blue shaded area (upper/lower

limits for a proton injection spectrum of Γ = 2.3 and Γ = 2.4). The fluxes predicted by [76] are

showed as an orange shaded area (upper/lower limits for a proton injection spectrum of Γ = 2.3

and Γ = 2.2). The fluxes predicted by [79] are showed as a purple shaded area (upper/lower limits
for a proton injection spectrum of Γ = 2.1 and Γ = 2.3). Figure extrapolated from [80].
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3
The IceCube Detector and the

Astrophysical Neutrino Flux

In the first part of this chapter the principles of neutrino detection using a large vol-

ume of trasparent medium will be reviewed. The second part will provide more de-

tailed information on the IceCube Neutrino Observatory at the South Pole. In the

third part the current status of the searches for pointlike neutrino sources will be pre-

sented. The last part will contain the description and the results of an analysis per-

formed to look for small scale anisotropies in the neutrino sky.
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3.1 Neutrino Detection

The first proposal about using large volumes of water to detect neutrinos was devel-

oped independently by Greisen, Markov, and Reines in 1960 [84, 85]. The basic idea

is to instrument an array of light detectors inside a large volume of a pure, transpar-

ent medium. The easiest way to obtain such a large quantity of material with those

characteristics is to make use of natural resources like deep sea water or polar ice. The

material will provide first of all the nucleons that can serve as a target for the neutrino

interaction, but in addition to that it can allow the propagation of the Cherenkov

photons emitted by the relativistic secondary particles. Since the instrumented vol-

ume will be placed as deep as possible, all the water or ice between the detector and

the surface can additionally serve as shielding from the large background of particles

generated by CR interacting with the atmosphere.

Neutrinos interact with nucleons only via weak interaction. Two different inter-

actions are possible: charged current (CC) interaction,

νℓ +N→ ℓ+ hadrons, (3.1)

with ℓ being electron, muon or tau leptons, and neutral current (NC) interaction,

νℓ +N→ νℓ + hadrons. (3.2)

The cross secton of the interaction (see Figure 3.1) is proportional to the energy of

the neutrino up to 104 GeV and starts to flattens above this energy. Neutrinos can

additionally interact with electrons, but this process is suppressed by its very small

cross section. At a neutrino energy of 6.3 PeV, the so called Glashow Resonance can
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take place:

ν̄e + e
− →W−, (3.3)

which manifests itself with a peak in the cross section.

The neutrino interaction length, which is inversely proportional to the cross sec-

tion, is several order of magnitude larger than the cross section of high energy pho-

tons, allowing the observer to reach with neutrinos part of the universe than would

be too far to be explored with γ-rays.

The hadronic and electromagnetic cascade that develops after the neutrino inter-

action is usually too compact to be resolved in a large, but sparsely instrumented de-

tector. This is the reason why all NC interactions and the electron CC interactions

are only measured as spherical shaped deposit of energies. These types of events are

usually called Showers. The reconstruction of the arrival direction of the primary neu-

trino is very difficult in these cases, but since all the energy is usually deposited inside

the instrumented volume, the energy resolution is good enough to permit detailed

calorimetric measurements.

CC interactions where a high energetic muon is produced are usually calledTracks.

Muons can infact travel for very long distances through matter before decaying (the

range of a 100TeVmuon is larger than 10 km). When a muon traverses the detector,

a typical cone-shaped track of Cherenkov photons is emitted along its path. A long

track gives a long lever arm to reconstruct the directional information of the primary

neutrino with an angular resolution better than 1◦ [86]. The directional separation

due to kinematics effects between the primary neutrino and the detectedmuon is neg-
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ligible at high energies. The energy of these events is on the other hand difficult to

reconstruct, because if the track is not completely contained inside the detector, the

total energy deposit can be only estimated through simulation.

Tau neutrino CC interactions usually leave a shower-like signature inside the de-

tector. The τ particle produced will infact decay too quickly to be resolved from the

cascade that is left by the primary interaction. At energies larger than 1 PeV, the τ can

travel enough distance to leave a track-like signature in the detector, before decaying

causing a second hadronic cascade separated from the first one. These special types

of events are namedDouble Bangs.
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Figure 3.1: Cross sections of neutrino-nucleon scattering via CC andNC interactions and of

neutrino-electron scattering via CC interactions of electron anti-neutrinos (data from [87, 88]).
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3.2 IceCube Detector

The IceCube Neutrino Observatory [89] is located at the Scott-Amundsen South

Pole Station, at the Geographical South Pole. The ice cap is almost three kilometers

thick at this location, and it is the result of snowfall accumulationovermany centuries.

This layering process traps air and impurities inside the ice, which affect on ice proper-

ties like scattering and absorption length for Cherenkov photons travelling through

the medium. IceCube precursor, AMANDA, provided the first measurements of

these ice properties [90]. Starting from depths of 1400 meters, the ice substains an

enormous amount of pressure that renders its crystalline structure optimal to mea-

sure photons at the wavelengths between 200 and 400 nm.

From 2005 to 2010, a total of 86 strings have been deployed inside the antartic ice

using a dedicated system for hotwater pressure drilling. The strings are arranged in an

esagonal footprint on a triangular grid with a spacing of ∼ 125mbetween each other.

They consist of a single cable containing twisted copper-wire pairs. 78 strings are

equipped with 60Digital OpticalModules (DOMs), which are positioned at equally

spaced lengths of 17m between depths of 1405 and 2450m. This part of the detec-

tor is called IceCube. The remaining 8 strings constitute the DeepCore subdetector.

They are deployed in the center of the array with a denser spacing (72 m of average

length). DOMs are placed vertically closer to each other, at depths starting from1750

m, avoiding the region between 2000 and 2100m. This layer of ice, theDust Layer,

presents a significantly higher level of impurities, therefore reducing the scattering

and absorption lengths of the ice. The full detector instruments 1km3 of ice with a

total of 5160 DOMs. On the surface of the ice, approximately at the same location

of the In-Ice Array strings, 162 ice-filled tanks equipped with DOMs arranged in 81
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stations constitute the cosmic-ray shower array denominated IceTop. The IceCube

Laboratory (ICL) is positioned at the center of the array and it is the central opera-

tions building of the detector. The cables from the strings and from the stations are

connected to a server room inside the building where all the computers performing

the data acquisition and the data filtering are located. The structure of the full detec-

tor is depicted in Figure 3.2.

Figure 3.2: The IceCube detector at the South Pole. Each black dot in the ice represents a DOM

of IceCube. The DeepCore sub-array is highlighted in green and the positions of the IceTop tanks

on the surface aremarked in blue. AMANDA, the precursor of IceCube is also highlighted in blue

inside the ice. Figure credits to the IceCube Collaboration.

The DOMs are the fundamental unit of the IceCube detector, performing both

tasks of light detection and data acquisition. They consist of a downward-facing pho-

tomultiplier (PMT) and the corresponding circuit board, which are housed inside a

glass sphere of 33 cm diameter and a thickness of 13mm. The PMTs used in Deep-
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Core DOMs have a higher quantum efficiency than the standard IceCube DOM.

Each DOM is additionally equipped with a LED flasher board that can be used for

calibration purposes. The internal components of a DOM are depicted in Figure 3.3.

Figure 3.3: The internal components of the glass sphere of a DOMare here depicted. The labels

give a description of each part. Figure credits to the IceCube Collaboration.

When a photon hits one of the PMTs, and triggers a response that is above 0.25

times the single photo electron threshold, the DOM registers a hit, which consists of

a timestamp and a charge measurement over 6.4µs. Two digitizers, an Analog Tran-

sient Waveform Digitizer (ATWD) and a Fast Analog to Digital Converter (FADC),

are installed on the mainboard of every DOM to ensure data taking over different

time ranges. Two ATWDs are present on each DOM to reduce dead time. Multiple

channels are set up with different gains on the ATWD to provide a wider dynamic

range. When hits are isolated, they are called Soft Local Coincidences (SLCs), and only
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three sample points from the FADC are digitized. If there is more than one DOM

registering a hit in an array of four neighbouring DOMs on the same string, the so

calledHard Local Coincidence (HLC) condition is fulfilled. In this case the full digi-

tized waveform is stored and sent to the surface. Data is saved in the DOM in blocks

of ∼ 1s before being transferred up the chain of processing. Before being process by

the Data Aquisition (DAQ) system in the ICL, each hit goes through theDOMHub,

which is a computer that manages all the DOMs of a single string.

SLCs are mostly used to add information in order to increase the accuracy in en-

ergy and directional reconstruction of events when additional HLCs are present, or

to veto events where a contribution from an atmospheric shower is present. Isolated

SLCs are usually generated by dark noise of the PMTs due to radioactivity inside the

glass sphere of the DOM and need to be cleaned from the recorded data. The stan-

dard trigger, called SimpleMultiplicity Trigger (SMT), checks for multiple HLCs in-

side sliding a time window of 5µs. All hits recorded in a window of −4µs to +6µs

around a triggermake up anEvent. Multiple triggers inside the same timewindoware

merged together. An example of the rate of the SMT8 trigger, in which eight HLCs

are requested inside the time window, is shown in Figure 3.4.

Real timeDAQ is necessary to process the raw data stream of the detector and it re-

duces it to a size that fits the limited satellite bandwith allowed at the South Pole. For

this reason the digitized waveforms are firstly converted into series of pulses: a combi-

nation of amplitude, width and leading edge time that describe the deposited charge.

Pulses are then further cleaned by removing isolated hits which are not causally con-

nected to the others. Elementary but computationally inexpensive reconstructions

are then performed on the cleaned pulses belonging to an event. Different filters can
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at this point be applied online, in order to select the interesting data to be transferred

to the northern hemisphere. TheMuon Filter is the most relevant filter when trying

to correlate the incoming direction of a neutrino with any astrophysical object. This

filter is responsible for the selection of good reconstructed track-like events. The filter

treats upgoing tracks with zenith angles larger than 85◦ and downgoing tracks differ-

ently. The former are selected based on the quality of the reconstruction, the latter

have an additional cut on the deposited enegy, zenith angle dependent, applied in or-

der to reduce the atmospheric background and tuned to match the rate of upgoing

events (34Hz on average). After the filtering, events are furtherly processed offline

with more complex methods, to final level, which is used by the physics analyses.

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
Cosine Zenith

10 7

10 5

10 3

10 1

101

103

105

Ra
te

 / 
Hz

Conventional 
Astrophysical 
Data

Figure 3.4: Rate of the SimpleMultiplicity Trigger with eight HLCs inside the timewindow (SMT8)

as a function of the cosine zenith angle of the reconstructed direction of the event. Events with

cos(θ) < 0 are downgoing, originating from the northern hemisphere. Atmospheric muons

dominate both the southern and the northern skies.
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3.3 The Event Reconstruction

A significant number of different algorithms have been developed over the years to

make the best use of the information measured by the DOMs and provide an accu-

rate measurement of different physical variables of the neutrino events. Two broad

categories of reconstructions are relevant in the case of track-like events originated

from high-energy muons: the tracing of the direction of the orimary neutrino, and

the estimation of its energy.

3.3.1 Directional Reconstruction

The muon produced in a neutrino interaction is emitted at an angle∆θwith respect

to the primary particle direction. This offset is nevertheless decreasing with energy

(see Eq. 3.4)

∆θ = 0.7◦
(
E

TeV

)−0.7

, (3.4)

and becomes negligible for the high-energy events that are employed in neutrino as-

tronomy analyses.

The reconstruction process uses likelihood maximization techniques [86] and starts

with simple and inexpensive first-guess algorithms that are subsequentially feeded as

a seed to more complex and detailed reconstructions. The easiest approach, named

LineFit, assumes light travelling at constant speed and in straight lines through the

ice. The time stamps of the hits at each DOM are used to identify the most likely

direction of the particle that generated them. Time residuals, namely the differences

between themeasured times of the hits and the expected times fromgeometrical prop-

agation of the light without scattering, can be analytically modeled by the Pandel

function [91]. An experimental modeling of the ice has been a continuous effort dur-
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ing the years of detector operation. The different properties of the ice layers, together

with the angular acceptance of the modules have been measured thanks to dedicated

calibration runs that make use of the LED flashers embedded in the digital board

of each DOM. Monte Carlo simulation of the photon propagation obtained from

muon tracks of infinite length have been tabulated. These numerical tables are subse-

quently interpolated with multidimensional splines. The median angular resolution

obtained from different reconstruction algorithms is shown in Figure 3.5 in compari-

son with the angular difference between primary neutrino and secondary muon due

to kinematics.

The accuracy of the angular reconstruction canbe estimated in differentmethods that

go from a generic point spread function distribution as a function of energy for the

whole sample to a specific event-by-event error estimation. The latter is the standard

used by IceCube neutrino astronomy analyses. The most detailed error estimation

for a single event can be obtained byMonte Carlo simulation of neutrino events with

similar properties. Analyses using event samples with high statistics suffer from the

computational bottleneck that this approach creates and have to accept an alternative

approach that is slightly less precise. In these cases, the likelihood parameter space is

scanned and abi-dimensional parabola is fitted around themaximum. Amean square

is then computed using the two axis of the parabola, obtaining the radius of an area of

circular shape which indicates an approximated uncertainty region around the event

coordinates. The algorithm here described takes the name of Paraboloid. From sim-

ulations it is possible to notice an overestimation of the accuracy proportional to en-

ergy, this effect is counter balanced by applying an ad hoc energy dependent rescaling

of the estimated angular error.
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Figure 3.5:Median angular resolution obtained from different reconstruction algorithms (blue,

orange and green lines). A comparison with the angular difference between primary neutrino and

secondarymuon is also shown in purple.

3.3.2 Energy Measurement

In the framework of neutrino astronomy, the measurement of the energy deposited

by a particle interacting inside the detector volume and the estimation of the energy

of the primary particle serve two main purpouses. The first one is the distinction be-

tween events of astrophysical origin, the signal, and background events. The second

purpose, once a source candidate is found, is to fit its spectrum and extract additional

information on the physical processes of the source itself. While the use of the energy

for background rejection has been established and standardized over the years, the

calculation of the spectrum of a neutrino source in a multimessenger approach has

only recently started to be used for tentative source characterization [53].

For the IceCube detector, energy reconstruction of events that lie completely inside

the detector, i.e. cascades, is easier and more precise than for track-like events, which
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only deposit part of their energy inside the instrumented volume [92]. The mean

energy loss of a muon inside the ice is usually parametrized as

−
dE

dx
= a(E) + b(E) · E, (3.5)

where the terma(E) correspondsmainly to ionization losses usually described by the

Bethe-Bloch formula. The second term becomes dominant at higher energies and de-

scribes radiative processes that are extremly variable in amount of energy deposited

and characterized by small cross-sections, usually defined as stochastical energy losses.

Energy losses due to Cherenkov radiation are negligible.

The amount of light measured by the PMTs is proportional to the energy deposited

by the particle, but due to different ice properties in different regions of the detector

it is necessary to take the DOM response into account via Monte Carlo simulation.

The energy reconstruction algorithms that are used for track-like events try to esti-

mate the number of emitted photons from the number of photons that have been

observed. The energy is estimated for subsequent deposits of spherical shape along

the reconstructed direction of the particle, in unit steps of 10m. A maximum likeli-

hood approach with the directional information seeded by different reconstruction

algorithms is usually chosen tomantain a reasonable computation time, the software

that implements is in IceCube is calledMuEX.

3.4 Signal and Background

While the sources of the astrophysical neutrino fluxmeasured by IceCube remain un-

certain, the description of the flux itself is rapidly improving thanks to the stability of

the detector. The uptime of the detector is close to 100% and this increases steadily

the statistical precision of each analysis. In parallel to the study of the signal, an appro-
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priate description of the background expected is of fundamental importance to the

interpretation of the measured data. For the IceCube detector, in the framework of

pointlike source searches, the main source of background are muons and neutrinos

from the interaction of CRs with the atmosphere.

3.4.1 The Atmospheric Background

High-energy particles of cosmic origin interact with the molecules of the Earth’s at-

mosphere producing showers of secondary particles. The extension and depth of

each shower is strongly dependent on the type and energy of the primary particle,

but their development through the atmosphere until they reach the surface is similar.

The shower can ideally be divided in two parts: one hadronic and one leptonic. The

leptonic part consists of electrons andphotons,whichdonotbecome relevant as back-

ground for the IceCube detector. The hadronic part instead, is composed by proton,

neutrons, pions, electron neutrinos and kaons. These particles can decay into muon

and muon neutrinos. Pions decay following Eq. 1.13, while kaons preferred decays

involving neutrino production are [93]:

K+ → µ+ + νµ (63.56± 0.11%) , (3.6)

K+ → π0 + e+ + νe (5.07± 0.04%) , (3.7)

K+ → µ+ + νµ + π
0 (3.35± 0.03%) . (3.8)

The charge conjugate are valid for K− decays; the percentages represent the branch-

ing ratios of each process. The contribution to the atmospheric neutrino flux from

different particles changes with energies. At lower energies, the contribution of pions

is dominant because the muon produced by pion decay does not have a long enough

range to reach the surface and will decay or get absorbed. Starting from neutrino
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energies of ∼ 100 GeV, most muons can reach the surface. They will therefore not

contribute to the overall neutrino flux. Kaons become the dominant channel of neu-

trino production at these energies. At higher energies the neutrino flux is suppressed

by the fact that both kaons and pions have a decay length which is larger than the

mean free path in the atmosphere. They will then lose energy via interactions and

consequently produce less neutrinos. This effect changes the power law coefficient

of the so called conventional atmospheric neutrino flux, which becomes γ = 3.7

from the standard primary CR spectrum (γ = 2.7).

Another component of the atmospheric neutrino flux is predicted to becomedom-

inant starting at ∼ 106 GeV. These neutrinos are produced by the decay of heavier

mesons containing a charmed quark, i.e. D0 orD+. These particles decay promptly

after production (from which the name prompt neutrino flux originates), mantain-

ing an harder spectrum closer to the primary CR if compared to the conventional

flux. While the conventional flux has been measured in detail by many different ex-

periments, the prompt component of the neutrino flux has still to be unequivocally

discovered [94]. IceCube currently puts upper limits at 1.06 times the nominal value

[95].

The flavor ratios (νe : νµ : ντ) of these two components are significantly differ-

ent from each other, and they are furthermore different from the expected ratio of

an astrophysical signal [96]. The conventional atmospheric neutrino flux presents

an approximate ratio of 1:2:0, while the prompt component has a predicted ratio of

1:1:0.1.

As can be seen in Figure 3.4, the IceCube detector suffers from different back-

55



grounds from the two hemispheres. This is due to the fact that the Earth serves as a

shield for particles coming from the northern hemisphere, absorbing the atmospheric

muons that would intersect the detector with an upgoing direction. Unfortunately,

the Earth is transparent for atmospheric neutrinos, which can reach the detector com-

pletely unaffectedby its presence. The downgoingbackground is evenmore problem-

atic, because the top layer of ice is not thick enough to be an effective muon absorber.

Atmospheric muons are therefore the main source of background coming from the

southern hemisphere bymany orders ofmagnitude. In addition to that, down-going

muons misreconstructed as up-going are a source of background that can affect also

the Northern hemisphere. An additional periodic variation of ∼ 0.5Hz in the over-

all measured rate can be observed [97]. This is due to seasonal effects that by varying

the temperature and density of the atmosphere, increase or reduce the likelihood of

pions to decay or lose energy by interaction.

3.4.2 The Diffuse Astrophysical Neutrino Flux

In order to look for neutrinos of astrophysical origin over an overwhelming atmo-

spheric background, the IceCube detector took inspiration from other neutrino un-

dergound experiments anddeveloped a veto technique to discriminate themost likely

signal events [98]. This selection consists of events well contained inside the detector,

that do not present energy deposits on the outer layers of PMTs. This requirement

assures that the neutrino is not accompanied by an atmospheric shower. In addition

to that, events are selected above an energy threshold of 60 TeV, at a level where the

atmospheric neutrino flux is steeply falling of, revealing the astrophysical signal. The

first evidence of an isotropic astrophysical neutrino flux came from this data sample

of high-energy starting events (HESE) [1, 99] and it is described as
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Φν(Eν) = ϕ0 ·
(

Eν

100TeV

)−γ

, (3.9)

where

ϕ0 = (2.46± 0.08) · 10−18GeV−1cm−2s−1sr−1 (3.10)

γ = 2.92+0.29−0.33, (3.11)

in an energy range that goes from 60 TeV to 10 PeV, assuming a flavor ratio of 1:1:1

(see Figure 3.6).
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Figure 3.6: Best fit values (dots) and confidence level contrours (68% dash-dotted line, 95%
dotted line) of the astrophysical neutrino flux normalizationϕ0 and spectral indexγ based on

an isotropic, unbroken power-law hypothesis. The results on the HESE data sample are shown in

blue [1], while the results on the trough-goingmuon tracks are shown in orange [2].

Thismeasurement has been confirmedby a different and independent analysis per-
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formed on a different data sample [2]. The event selection of this analysis focused on

up-going muon tracks travelling through the detector volume and likely originated

by neutrinos coming from the Northern hemisphere. The energy threshold for this

analysis is slightly larger, starting at 100TeV. The latest results of the analysis are

ϕ0 = (1.01+0.26−0.23) · 10
−18GeV−1cm−2s−1sr−1 (3.12)

γ = 2.19± 0.10, (3.13)

in an energy interval between 120TeV and 4.8 PeV.

The IceCube detector has measured neutrino events up to PeV energies, thus al-

lowing to calculate upper limits on the neutrino flux at the high energy end of the

spectrum, at energies larger than 5 PeV. An event selection dedicated to the discovery

of neutrino of cosmogenic origins is focusing on extremely high-energy (EHE) neu-

trinos. It recently produced the best limits so far for a cosmogenic neutrino flux (see

Figure 3.7 [100]).

TheHESE and EHE selections are currently used to provide realtime information

to the scientific community [101]. An alert system has been developed, which shares

with multiple instruments within the AMON project the direction coordinates and

energy of track-like events in the IceCube detector. AGCNnotice is also shared with

the community shortly after the first reconstruction of track-like events that pass the

HESE or EHE selection. This system has played a central role in the process of find-

ing the first evidence of neutrino emission from a blazar (see Section 5.7).
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Figure 3.7: Unfolded neutrino fluxmeasuredwith HESE (black dots) [1], comparedwith the best fit

astrophysical muon neutrino flux obtained from the trough-going tracks (cyan band)[2] and upper

limits on cosmogenic neutrino flux from the EHE selection (dashed line) [100].
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4
Searching for Small Scale

Anisotropies in the Neutrino Sky

In the first part of the chapter the status of the point-like sources searches is sum-

marized, with particular focus on the most recent results connected to blazars. The

second part of the chapter will present the results of a two-point autocorrelation anal-

ysis performed on 7 years of IceCube data. These results have been presented at the

35th International Cosmic Ray Conference [102],M. G. Aartsen et al. The IceCube

Neutrino Observatory - Contributions to ICRC 2017 Part I: Searches for the Sources

of Astrophysical Neutrinos. 2017.
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4.1 Point-like Sources Searches

Neutrino events originating from a single point-like source naturally tend to cluster

around a determinate set of coordinates, providing an unique feature to construct

a statistical test in order to identify the position of the source. The first test to be

formalized is a binned maximum likelihood test, which uses an elementary counting

method to identify windows of the sky in which the number of events is significantly

higher when compared to other off-source control regions. Since the background

is constant and uniform in the spatial coordinates, the choice of the window size is

left to the accuracy of the reconstruction of the events, which as shown in Figure 4.2

depends on the energy of the event. An additional feature of the atmospheric back-

ground, as showed in chapter 3, is that its energy spectrum steeply drops with increas-

ing energies, uncovering the expected astrophysical component.

The addition of the energy information to the statistical test, together with the event-

by-event coordinates and the angular reconstruction uncertainties, bring to the devel-

opment of the unbinned maximum likelihood formulation that is nowadays largely

used in neutrino astronomy. The formalism is usually summarised by the expression

L(⃗xS, nS, γ) =
N∏
i=1

[(ns
N

)
Si(⃗xi, x⃗S, Ei, γ) +

(
1−

ns

N

)
Bi(⃗xi, Ei)

]
, (4.1)

where the product is performed over theN events present in the data sample and the

value nS represents the number of signal events in the sample. The factor S repre-

sents the probability of a single event to have a signal origin given a source of spectral

index γ. It is usually expressed as

Si(⃗xi, x⃗S, Ei, γ) =
1

2πσ2i
e
−

|⃗xi−x⃗S|

2σ2
i · ES(⃗xi, Ei, γ), (4.2)
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where the first factor represents the spatial probability of the event and the factor E

represents the energy probability. This last factor is estimated using Monte Carlo

events originating from a source with spectral index γ at coordinates x⃗S.

The factor B has a similar construction, with the additional simplification thanks to

the spatial uniformity of the background:

Bi(⃗xi, Ei) =
P(δi)

2π
· EB(δi, Ei). (4.3)

The first spatial probability factor here dependsonlyon thedeclinationδi of the event

thanks to the daily rotation of the IceCube detector around the right ascension axis.

The second factor does not depend on an energy spectrum γ and in the standard ap-

proach it is estimated directly from the distribution of the measured data.

The significance of the clustering at a determinate source position can be evaluated

with a standard likelihood ratio test of the maximised likelihood versus the null hy-

pothesis, defined as

T S = logΛ = 2 log
L(nS, γ)
L(nS = 0)

. (4.4)

With this definition, T S should then be distributed as a χ2 with two degrees of free-

dom. Its distribution is nevertheless fitted from scrambled experimental data in order

to avoid artifacts. In the standard analysis, the likelihood is maximised only over the

two parametersnS andγ. The likelihoods of different data samples are evaluated sep-

aratedly to account for differences in selections and variables distributions produced

e.g. by different detector geometries.

In a so calledAll Sky search, the likelihood calculation is performed on each point of

an isotropic grid that covers the whole sky. This grid is constructed with a point-to-
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point spacing chosen to be smaller than the expected event angular resolution. The

most significant point in the sky is therefore identified as a hotspot and its signifi-

cance is usually expressed with a p-value after the necessary correction for the Look

Elsewhere Effect. For a detailed explanation of the method see [103] and references

therein.

4.1.1 The Event Sample

In order to maximize the chances to observe the faint neutrino signal of a point-like

source over an overwhelming atmospheric background, many steps have to be per-

formed before obtaining the final data sample. The experimental data needs to be

processed in detail to select the best events to use for the task and to obtain high qual-

ity measurements of the variables that will enter the likelihood calculation. In order

to increase the statistics of neutrino events, the selection is applied to through-going

muons that leave a track like signature inside the detector. These category of events is

dominated bymany orders ofmagnitude bymuons of atmospheric origin even in the

upgoing direction that is shielded by the Earth. A multivariate selection technique is

tuned on a fraction of the experimental data and subsequently applied to the whole

sample to best discriminate the neutrino signal from the expected background.

The two halves of the sky as seen by the IceCube detector are significantly different,

for thismain reason the selection is split in two from the start. TheNorthern Sky con-

tains upgoing events with δ ≥ −5◦, the Southern Sky contains downgoing events

with δ ≤ −5◦.

Different levels of filtering are responsible for skimming the data and subsequently

applying more complex and computational demanding reconstructions only to the

most interesting events.
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• Level 0 - The first layer of selection consists in collecting the data from the

different triggers and filtering them.

• Level 1 - This further step applies the HLC condition and performs the first

analytical reconstructions.

• Level 2 - This level is responsible of cleaning the events from spurious pulses

and to perform a further set of advanced reconstructions using the ones per-

formed at the previous level as seeds.

• Level 3 - At this point, selection cuts on the quality of the tracks are applied

and finally the most complex reconstruction algorithms are used.

The large amount of reconstruction variables is at this point used to optimize the

selection and to train multivariate selection algorithms like Boosted Decision Trees

(BDTs). The scores of the BDTs are finally used to perform the final cuts on the data

that will enter the analysis.

The first runs recorded by the IceCube detector date back to April 2008, when the

detector was still incomplete. The first seasons of IceCube are then treated differently

from the ones in which the detector was fully operational. The details of the seasons

are briefely summarised in the following paragraphs (for a detailed description of the

sample see [103] and references therein).

• IC40 -The season of data taking started inApril 2008 and ended inMay 2009,

with a total uptime of 375.5 days. The cuts applied for the selection are de-

scribed in details in [104]. The full sample consists of 14121 upgoing events

and 22779 downgoing events, for a total of 36900 events.

• IC59 - The second season of data taking started in May 2009 and ended in

May 2010, collecting a total uptime of 348.1 days. Straight cut were replaced

by two Boosted Decision Trees which operate on a total of 12 variables. A
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combinationof the two scores is used to perform the final event selection. The

training of the BDTs is performed using 10% of the experimental data, after

randomizing the right ascensionvalues, as backgrounddescription. The signal

fraction is obtained from Monte Carlo simulation, assuming a spectrum of

E−2 and E−2.7. This is the first season which uses the additional information

provided by the IceTop surface array as a veto for events reconstructed with

a downgoing direction (−90◦ ≤ δ ≤ −40◦). The efficiency of the veto is

estimated at 99% in this declination band [105]. The total sample consists of

107569 events, 64257 downgoing and 43312 upgoing.

• IC79 - This season consists of 316.2 days of uptime, going from June 2010 un-

til May 2011. The selection is here further refined, training multiple BDTs for

events originating from the northern hemisphere and one BDTs for the south-

ern one. The different rates between the declination bands that correspond to

each BDT are subsequently matched by applying the proper energy cut. This

season makes use for the first time of the directional reconstruction that uses

the splines to describe the photon propagation in ice (SplineMPE). This new

feature, together with the improvements in the BDTs, permits an enhanced

backround rejection [106]. The sample contains a total of 93842 events, di-

vided in 48904 upgoing and 44938 downgoing.

• IC86-I - This is the first season that benefits of a complete detector geometry,

which records 333 days of uptime betweenMay 2011 andMay 2012. The defini-

tion of the BDTs is changed again, and four BDTs are present for the northern

hemisphere defined between the declinations−5◦ and 90◦ and divided in two

declination bands. Only one BDT is used for the southern hemisphere. The

total number of events of the sample is 138322, with 69227 upgoing and 69059

downgoing events [107].

• IC86-II-III-IV - Three full seasons of IceCube have here been processed to-

gether, providing uniformity to a statistically large sample of events. A total
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of 1058 days of uptime are collected. The selection is performed similarly to

IC86-I, using different BDTs to distinguish signal from background events in

the two hemispheres. The sample consists of a total of 338585 events, 235602

upgoing and 102983 downgoing [103].

The Point Source (PS) sample consists of 7 years of data for a total of 2431 days of

uptime and 711869 events. The sample clearly differentiates the northern from the

southern hemisphere, with a boundary placed at the declination angle of −5◦. For

this reason, the analyses presented in this chapter will provide results from each hemi-

spheres separately.

Both the event selection and the evaluation of the performance of the final sam-

ple rely strongly on the studies of simulated events. Monte Carlo samples of muon

neutrinos leaving a signal in the detector are used, each different geometry has been

simulated and it is used to evaluate IceCube performances for the different seasons.

The standard scenario of an astrophysical signal with a power law spectrum with a γ

index of -2 is usually assumed as a benchmark configuration, and it is therefore used

in all the following plots if not specified otherwise.

The efficiency of the detector, that considers the convolved factors of geometrical

acceptance and the probability of observing an event at a certain energy, is usually

expressed with a quantity called Effective Area. The effective area increased over the

years, reaching its full potential with the completion of the detector and remaining

constant in the 86 strings configuration. The effective area in different declination

bands at different energies is reported in Figure 4.1 for the IC86 samples. At higher

energies, it is possible to notice the effect of the Earth absorption, which makes the

detector more efficient for detecting tracks coming from horizontal directions. The
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energy threshold for events from the Southern hemisphere is significantly higher, and

increases with the verticality of a track. This effect is caused by the declination depen-

dent energy cuts necessary to remove the background of atmospheric muon bundles.
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Figure 4.1: Effective area of the detector with a complete geometry as function of the primary

neutrino energy. Different colors represent different declination bands. At declinations between

30◦ and 90◦ (blue line) the effective area shows a decreasing behaviour starting at approximately

106 GeV, this is due to the assorbtion effect caused by the Earth.

Another important parameter to evaluate the quality of a sample that is going to

be used to localize point sources is the Point Spread Function (PSF). This quantity is

usually represented by the median angular uncertainty and it is shown in Figure 4.2.

As expected, the accuracy of the reconstruction of the direction of the tracks increased

over the seasons, both because of a larger geometry of the detector and because of

more efficient reconstruction algorithms. The resolution of the full sample is overall

better than 1◦, reaching values better than 0.4◦ in the high energy fraction of the

sample.
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Figure 4.2:Median angular resolution using SplineMPE reconstruction as a function of the primary

neutrino energy. Different colors are used to distinguish the samples of the different seasons.

4.1.2 Recent Results

The Point Source Sample, consisting of data recorded over 7 years of detector uptime,

has been analysed to look for evidence of neutrino emission from pointlike sources

[103]. The search was performed both as an all-sky scan, and using a list of interest-

ing sources identified a priori. The method used is the one described in Section 4.1.

The results show no significant clustering of neutrino events over the expected back-

ground. The all sky scan identifies the twomost significant clusterings (hotspots), one

for each hemisphere. Both are compatible with the background expectation, yielding

90% upper limits at the level of E2 dΦ
dE

∼ 10−12 TeV cm−1 s−1 for the Northern Sky

and E2 dΦ
dE

∼ 10−11 TeV cm−1 s−1 for the Southern Sky. The two lists of sources

are also fully compatible with the null hypothesis. Figure 4.3 shows the 90% upper

limits obtained for the all sky scan (line) and for the objects of the sources lists (dots).
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Figure 4.3: Post trial 90% upper limits of the all sky (line), and list (dots) pointlike source search as

a function of sine declination. Figure from [103].

4.2 The 2-Point Autocorrelation

The standard likelihood method for the search of point-like sources focuses on look-

ing for a single strong source in the sky. This technique does not perform at its best

in the different case of a universe wheremany sources of neutrinos are emitting fluxes

at a level much lower than the sensitivity of the method. The signature of this case

would infact be the appearence ofmany sub-threshold clusterings of neutrinos events,

too weak to be significant in the point-like source approach. This scenario of small

clusterings becomes relevant both in the case of constant but faint sources, and in the

case of more powerful flares, where the signal gets diluted by integrating the analyses

over the uptime of the sample.

One method that has been developed to look for multiple clusterings of events is
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the so calledTwo Point Autocorrelation. This procedure looks for an excess of pair of

events at close angular distances, and additionally factors in the calculation the energy

information in order to increase its sensitivity. One particular feature of the method

is that by design it will look at the data with the most model independent approach

possible, turning also out to be sensitive to more general cases than the point-like

source, as extended sources at small angular scales.

The method presented here in the following is the updated version of a previous

autocorrelation analysis that has been performed on a sample made of four years of

detector uptime [108].

4.2.1 The Statistical Method

The idea behind an autocorrelation test is to investigate the presence of hidden corre-

lations between the coordinates of the events in the same data sample. More in detail,

the two-point autocorrelation analysis has been proven [108] to be a solid statistical

test to assess the presence of spatial clustering at different angular scales in a set of

events distributed on a skymap.

The purpouse of this test is to compare twodifferent hypotheses: theNull Hypothesis

consists of the case of a completely uniform distribution of events over the Sky. This

option coincides with the absence of neutrino sources at a flux level that is resolvable

by the resolution of the current IceCube detector. The Signal Hypothesis consists in-

stead in the existence of a population of sources, of unknown properties, which will

reveal itself with a signature in the distribution of events over the sky. The analysis

looks at the difference between the two hypoteses in the statistical distribution of the

angular distances between event-pairs (i, j). The actual distribution is defined as the

cumulative number of event-pairs having an angular distanceΨi,j that is less or equal
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to a defined angular distance θ (angular bin),

N(θ) =
∑
i,j>i

Θ(θ− Ψi,j), (4.5)

whereΘ is the Heaviside step function.

One of the concepts at the base of the analysis was to develop its framework by op-

timizing its sensitivity while keeping the hypothesis almost completely data-driven.

The advantage of this approach versus an optimization for a specific source popula-

tion is that only basics prior assumptions on the signal are needed in order to perform

the full analysis. This choice was made to be complementary to many other analyses

currently performed by the IceCube Collaboration, which rely on a very detailed de-

scription of a possible signal. Amore general approach, while likely not providing the

best sensitivities to specific cases, results in a larger exploration of the parameter space

and it is applicable in various different situations, e.g. the analysis on the Cygnus re-

gion (see Section 4.2.5).

While reducing themodeling of a signal to theminimum, it is still valuable to assume

that astrophysical neutrinos are expected to have a harder spectrum compared to the

atmospheric neutrino background. This information has been included in two dif-

ferent ways in the analysis.

• The first and simplest way was to divide the event sample in four subsamples

according to the energies of the events. In this way, the bin containing only

the events with the highest energies would have a natural suppression of the

atmospheric background simply because of statistics. This approach will be

named Energy Binned in the rest of the discussion. The energy bins inves-

tigated in this analysis are four, incuding 100%, 10%, 1% and 0.1% of the

sample (See Table 4.1).
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• The secondmethod, calledEnergyWeighted, can be seen as the limit case of an

energy binning, in which every bin has at most one event. This is equivalent

to assigning an energy weight to each event, which is proportional to its energy.

The formulation of the distribution of pairs is changed in this case to

Nw(θ) =
∑
i,j>i

wi ·wj ·Θ(θ− Ψi,j), (4.6)

wherewi, wj are the weights assigned to each event. In this case, the number

Nw(θ) is not equivalent anymore to the number of event pairs observed in

the sky.

Energy Bin Minimum Energy [GeV] No. of Events

Northern Hemisphere

100% 7.24 435385
10% 2.99 · 103 43538
1% 1.40 · 104 4353
0.1% 6.05 · 104 435

Southern Hemisphere

100% 60.5 290047
10% 4.73 · 105 29004
1% 1.02 · 106 2900
0.1% 2.21 · 106 290

Table 4.1:Minimum energy and number of events for each of the energy bins of the sample, divided

in northern and southern hemispheres.

Theweighting scheme chosen for the analysis is an update to the one used in [108].

Here the weights are calculated independently from specific signal models, by utiliz-

ing the normalized energy distribution P(E). Each weight is defined as a logarithm

of the probability of observing an event with equal or higher energy in the sample
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and it is calculated as

wi = w(Ei) = − log10

(
1−

∫Ei
0

P(E)dE

)
. (4.7)

The analytical integration results computationally expensive in the analysis frame-

work, for this reason the weight is approximated numerically. Its evaluation is done

by summation on the histogram of the energies of the events (Figure 4.4), treating

different declination bands separately.

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
sin

0

2

4

6

8

10

lo
g(

En
er

gy
 / 

Ge
V)

50

100

150

200

250

300

En
tri

es

Figure 4.4: Two-dimensional histogram showing events from IC86-II-III-IV. On the x-axis the sine

of the declination angle is showed in 50 bins between the values of -1 and 1. On the y-axis the

logarithm of the energy is showed in 1000 bins between the values of 0 and 10 (log(GeV)). This
histogram is used for the calculation of the energy weights of the events.

4.2.2 The Background Distribution

The background distribution ofNw(θ) at a given angular scale θ is obtained from

performing the analysis many times (trials) on skymaps that resemble the Null Hy-
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pothesis. Background-like skymaps are obtained by assignign random right ascension

values to the events of the sample. This procedure, named scrambling, produces a

skymap with uniformly distributed events, while maintaining the declination depen-

dent acceptance of the IceCube Detector.

The number of pairsNw(θ) counted in each of the trials is then histogrammed. The

angular scales investigated by the analysis go from 0.25◦ to 5◦ in steps of 0.25◦, for a

total of 25 angular bins. Each angular scale θ (angular bin) shows a Gaussian shaped

distribution, with an asymmetrical tail on the right (see Figure 4.5-Top). This distri-

bution can be approximated with a Gamma Distribution of the form:

g(x) =
β−α(x− µ)α−1e−

x−µ
β

Γ(α)
, (4.8)

where α is the shape parameter, µ the location parameter and β the scale parameter.

Since we are interested in calculating a p-value from this distribution, it is compu-

tationally convenient to fit the histogram of the inverse cumulative function of the

distribution (see Figure 4.5-Bottom). The inverse c.d.f. of the Gamma distribution

has the form:

c(x) = 1−

(
1

Γ(α)

∫ x−µ
β

0

tα−1e−tdt

)
. (4.9)

To be conservative and avoid the possibility to obtain artificially low p-values by over-

fitting low statistics, the right tail of the distribution is modeled with an exponential

function, with the transition between the two distributions being at the three sigma

value. An example of theNull Hypothesis distributions in the northern hemisphere

is reproduced in Figure 4.5 (top), which shows the histogrammed number of pairs,

calculated as in Eq. 4.6, at the angular scale of 1◦. The corresponding Gamma func-

tion (eq. 4.8) at this angular scale is illustrated in red. Figure 4.5 (bottom) illustrates

the inverse cumulative representation of the previous histogram, together with the
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fitted c.d.f. (4.9).
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Figure 4.5: Left: Example of the distribution of the weighted number of pairs in the case of a uni-

form distribution of events in the sky. Values on the x-axis are calculated as in Eq. 4.6, at the angu-

lar scale of 1◦ for the northern hemisphere. The corresponding Gamma function (eq. 4.8) at this

angular scale is illustrated in red.

Right: The histogram of the top plot is here illustrated in its inverse cumulative distribution. The

fitted gamma c.d.f. of the form 4.9 is depicted in red.

For each trial is then possible to calculate a p-value at each angular bin just by evalu-

ating the corresponding fitted function at the value of the measured number of pairs

Nw(θ) (orN(θ)).

p(θ) = cθ(Nw(θ)) (4.10)

The most significant p-value from all the tested angular scales is then choosen to de-

fine the test statistic:

TS = − log10(p(θ)Best). (4.11)

Since the test is repeated many times for different angular scales and energy bins, it is

necessary to consider theLook Elsewhere Effect. In order to correct for the trial factor

a large number of isotropic realization of the skymap is produced. This is needed to

obtain the distribution of the TS variable in theNull Hypothesis case (see Figure 4.6).

The trial corrected p-value is then equivalent to the probability of obtaining a TS at

least as large as the one obtained from data. The distribution of the most significant
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TS in the northern hemisphere is showed in Figure 4.6, the red over-imposed solid

line represents its expected analytical distribution:

f(x) = a0 ln(10)N
(
1− e−a0 ln(10)x

)N−1
e−a0 ln(10)x, (4.12)

where a0 is a scale parameter andN corresponds to the effective trial factor. The ef-

fective trial factors are approximately 5 for the Energy Weighted analysis and 21 for

the Energy Binned analysis. These values are smaller than the total number of angu-

lar bins because the angular bins are mutually dependent, i.e. larger angular scales

contain the event-pairs of smaller angular scales, thus reducing the total number of

effective trials. The Energy Binned approach is performed on additional four energy

bins, providing a larger trial effect. The median and the 5σ value of the distribution

are used in the evaluation of the sensitivity and the discovery potential of themethod

(see Section 4.2.4).

Figure 4.6: Distribution of the best TS values (− log10(p)) for 6 · 105 background trials re-
producing a uniform distribution of events in the northern hemisphere. The results of the trials is

histogrammed (bluemarkers), themedian value of the distribution is markedwith a dashed red

line. The red solid line over-imposed on the histogram represents the fitted analytical expected

distribution of the best best TS values (Equation 4.12).
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It is additionally interesting to study the distribution of the angular bin that pro-

vides the best TS. The angular scale that shows themost significant evidence of events

clustering can provide useful information on the angular spread of the event cluster-

ing around the source. This evidence can be used to differentiate the case of point-like

sources versus more extended sources. The distribution of the most significant angu-

lar bin in the case of a background-like skymap is showed in Figure 4.7.

Figure 4.7: Distribution of angular binθ that produces the best TS values for 6 · 105 background
trials reproducing a uniform distribution of events in the northern hemisphere. Themost signifi-

cant clustering is observedmost likely from the smallest angular scale tested.

4.2.3 Signal Injection

In order to evaluate the performances of this method, it is necessary to test it in sce-

narios that will resemble the presence of signal. This is done by creating skymaps that

contain both scrambled data events and Monte Carlo generated events located as if

they originated fromone ormore sources. The procedure of injection of signal events

in the skymap is illustrated in the following:

1. The first step consists in creating a uniform skymap by scrambling in right

ascension all the data events.

2. The position of a fixed number of sources (NSources) is generated uniformly

over the sky.
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3. To each source a weight (ws) is assigned;ws is proportional to the acceptance

of the detector for the declination band in which the source lies. The sum of

the weights is normalized among the sources.

4. A random number of events (NInjected) is drawn from a Poissonian distribu-

tion with a fixed mean value (NEvents).

5. A mean number ofNInjected ·wjs events is distributed over each source j ac-

cording to a Poissonian distribution.

6. Events for injection are selected from the same declination band in which the

source is located. The energy spectrum of the injected events is choosen and

it is uniform among the sources.

7. The true Monte Carlo direction of each injected event is rotated to the posi-

tion of the corresponding source, the same rotation matrix is used to rotate

the reconstructed direction.

8. In case of extended sources, an additional separation from the center of the

source is included in the rotation.

9. For each injected event, the background event that lies closest in declination is

removed from the skymap

10. After the new skymap is created, the energy weights are calculated.

The distribution of the TS of the sky realisations that contain injected events is

then compared to the background distribution in order to evaluate the power of

the test. The effect of the event injection is evident in Figure 4.8. The histogram is

showing the distribution of the TS for 5·103 random trials with signal injection in the

skymap. As expected, the distribution (solid blue line) is shifting to more significant

values when compared to the background-like distribution (blue dashed line).
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Figure 4.8: Distribution of the best TS values (− log10(p)) for 5000 trials with signal injection,
values are histogrammed (blue line). The signal scenario consists of 100 point-like sources with a

source strength of 7 events per source. The blue dashed lines shows the background scenario as

comparison, together with the backgroundmedian (red dashed line).

Figure 4.9 (Top) shows the distribution of the most significant angular bin for

the same signal injection scenario illustrated in Figure 4.8. It is possible to notice the

difference in the same distribution resulting from random trials in which a scenario

with extended sources with gaussian shape are injected in the skymap 4.9 (Bottom).

The feature here highlighted can be used to distinguish the two different cases.

80



Figure 4.9: Top: distribution of angular binθ that produces the best TS values (− log10(p)) for
5000 trials with signal injection (same scenario as Figure 4.8).

Bottom: distribution of angular binθ that produces the best TS values (− log10(p)) for 1000
trials with signal injection. The scenario injected corresponds in this case to 30 sources with a

source strength of 3 events per source. The sources are in this case extended, with a gaussian

shapewithσ = 2◦. It can be noticed that in this case the clusteringmanifests at a larger angular

scale when compared to the point-like source case.

4.2.4 Performance

The performance of an analysis method are usually evaluated by the calculation of

two different neutrino fluxes to which the method is sensitive. The Sensitivity Flux

is defined as the flux needed to shift 90% of the TS distribution to values higher than

the median of the background distribution. TheDiscovery Potential Flux is defined

as the flux needed to shift 50% of the TS distribution to values higher than the 5σ

quantile of the background distribution.

Figure 4.10 (top) and Figure 4.10 (bottom) show respectively Sensitivity and Discov-

ery Potential for the autocorrelation analysis illustrated in the previous Sections. Blue

colors represent the values relative to the northern hemisphere, orange colors the ones

relative to the southern hemisphere. A solid line is used for the energy weighted ap-
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proach, while a dashed line is used for the Energy binned. It can be noticed that the

Weighted method outperforms the Binned one. For this reason, the former will be

used to calculate results and the latter will be performed only as a cross check. Upper

Limits from the point source analysis [103] are included as a comparison (shaded ar-

eas). The through-going νµ best fit flux [2] is also showed (dash-dotted line). When-

ever the lines of the current analysis are above the through-going νµ best fit flux, the

proposed method is not sensitive enough to the measured flux.

Sensivity fluxes have also been estimated for two additional cases, different from the

standard point-like sources with an energy spectrum proportional to E−2. The first

alternative scenario consist of extended sources, of gaussian shape with σ = 1◦.

The sensitivity flux per source in the case of 100 sources is in this case E2dN/dE =

3 · 10−7TeVcm−2s−1. The second alternative scenario keeps the sources point-like,

but changes the energy spectrum to E−3. The sensitivity flux per source in the case

of 100 sources is in this case E3dN/dE = 4 · 10−7TeV2cm−2s−1. Both fluxes refer

to the Energy Weighted method.
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Figure 4.10: Sensitivity (top) Discovery Potential (bottom) fluxes of the two-point autocorrela-

tion analysis. lux per source is plotted on the y-axis, the x-axis represents the number of sources

present in the skymap. Blue colors represent the values relative to the northern hemisphere,

orange colors the ones relative to the southern hemisphere. A solid line is used for the energy

weighted approach, while a dashed line is used for the Energy binned. Upper Limits from the point

source analysis [103] are included as a comparison (shaded areas). The through-goingνµ best fit

flux [2] is also showed (dash-dotted line).
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4.2.5 Results

The two-point autocorrelation analysis illustrated in the previous section has been

performed on the 7 years data sample described in Section 4.1.1. The results are com-

patible with the background expectation of an isotropic neutrino events distribution

over the sky, with no evidence of clustering at any angular scale in the range from

0.25◦ to 5◦. Flux upper limits are calculated with frequentist approach at the 90%

confidence level and compared to the results of the point source analysis and the flux

measured by the through-going νµ best fit [2, 103]. The results are presented in the

following Sections, divided in northern and southern hemispheres.

Northern Hemisphere

The results of the Two-Point Autocorrelation analysis performed on the northern

hemisphere are compatiblewith the null hypothesis. The results are showed in Figure

4.11 (top panel) as measured number of weighted event-pairs (Npairs) divided by the

number of expected pairs (< Npairs >) in a background-like scenario. The coloured

bands represent the statistical uncertainty on< Npairs > at the one, two and three

σ levels. A black dot represents a measurement at each angular scale (θ) that has been

tested. The corresponding pre-trial p-value is reported for each measurement in the

lower panel. The most significant p-value among the different angular scales is high-

lighted in red. A trial corrected p-value of 45%, compatible with the background

expectation, is calculated for the most significant angular scale (θ = 1.75◦).

Flux upper limits at the 90% confidence level are calculated as the neutrino flux

needed to shift the 90% quantile of the TS distribution above themost significant TS

value obseved in the data. Figure 4.12 shows the upper limits as flux per source for

a point-like source scenario (solid blue line) and for a gaussian-shaped source with
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Figure 4.11: The results of the two-point autocorrelation analysis in the northern hemisphere

are showed in the top panel. The y-axis represents measured number of weighted event-pairs

(Npairs) divided by the number of expected pairs (< Npairs >) in a background-like scenario.

The coloured bands represent the statistical uncertainty on< Npairs > at the one, two and

threeσ levels. A black dot represents ameasurement at each angular scale (θ) that has been tested

(x-axis). The corresponding pre-trial p-value is reported for eachmeasurement in the lower panel.

Themost significant p-value among the different angular scales is highlighted in red.

σ = 1◦ scenario (dashed blue line). The limits are valid for populations of sources

of different number densities, but with the same luminosity at Earth and with an

unbroken energy spectrum proportional to E−2. The flux values are presented as a

functionof thenumber of sources injected in the skymaps. For comparison, the range

of the 90% upper limits from the point source analysis in the northern hemisphere is

reported as a blue band. The measured astrophysical diffuse flux is also showed with

a bule dash-dotted line.
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Figure 4.12: Flux upper limits at the 90% confidence level in the northern hemisphere are reported

as flux per source for a point-like source scenario (solid blue line) and for a gaussian-shaped source

withσ = 1◦ scenario (dashed blue line). The limits are valid for populations of sources of different
number densities, but with the same luminosity at Earth andwith an unbroken energy spectrum

proportional toE−2. The flux values ar presented as a function of the number of sources injected

in the skymaps. For comparison, the range of the 90% upper limits from the point source analysis

in the northern hemisphere is reported as a blue band. Themeasured astrophysical diffuse flux is

also showedwith a bule dash-dotted line.

Southern Hemisphere

Similarly to the northern hemisphere, the results of the Two-Point Autocorrelation

analysis performed on the southern hemisphere are fully compatible with the back-

ground hypothesis. The results are showed in Figure 4.13 (top panel) as measured

number of weighted event-pairs (Npairs) divided by the number of expected pairs

(< Npairs >) in a background-like scenario. The coloured bands represent the sta-

tistical uncertainty on < Npairs > at the one, two and three σ levels. A black dot

represents a measurement at each angular scale (θ) that has been tested. The corre-

sponding pre-trial p-value is reported for each measurement in the lower panel. The
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most significant p-value among the different angular scales is highlighted in red. A

trial corrected p-value of 60%, suggesting a mild statistical underfluctuation, is cal-

culated for the most significant angular scale (θ = 2.25◦). In the first bin a strong

underfluctiation can be observed. This is caused by a very limited statistics in the

number of pairs at very small angular distances. This underfluctuation is progras-

sively absorbed by the bins at larger angular scales.
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Figure 4.13: The results of the two-point autocorrelation analysis in the southern hemisphere

are showed in the top panel. The y-axis represents measured number of weighted event-pairs

(Npairs) divided by the number of expected pairs (< Npairs >) in a background-like scenario.

The coloured bands represent the statistical uncertainty on< Npairs > at the one, two and

threeσ levels. A black dot represents ameasurement at each angular scale (θ) that has been tested

(x-axis). The corresponding pre-trial p-value is reported for eachmeasurement in the lower panel.

Themost significant p-value among the different angular scales is highlighted in red.

Figure 4.14 shows the upper limits as flux per source for a point-like source scenario

(solid orange line) and for a gaussian-shaped source with σ = 1◦ scenario (dashed

blue line). The flux values ar presented as a functionof the number of sources injected

in the skymaps. The limits are valid for populations of sources of different number
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densities, but with the same luminosity at Earth and with an unbroken energy spec-

trum proportional to E−2. For comparison, the range of the 90% upper limits from

the point source analysis in the southern hemisphere is reported as an orange band.
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Figure 4.14: Flux upper limits at the 90% confidence level in the southern hemisphere are re-

ported as flux per source for a point-like source scenario (solid orange line) and for a gaussian-

shaped source withσ = 1◦ scenario (dashed orange line). The flux values ar presented as a

function of the number of sources injected in the skymaps. The limits are valid for population of

sources of different number densities, but with the same luminosity at Earth andwith an unbroken

energy spectrum proportional toE−2. For comparison, the range of the 90% upper limits from the

point source analysis in the southern hemisphere is reported as an orange band.

The Cygnus Region

A previous version of the two-point autocorrelation analysis was also performed on

the area of Galactic sky called Cygnus region [108], resulting compatible with the

background hypothesis. The update of the analysis presented here was also applied

to this interesting region in order to provide updated limits.

The Cygnus region is defined here as the area of the sky extending between 72◦ and
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83◦ in galactic longitude and−3◦ and 4◦ in galactic latitude. It is a massive star form-

ing region,which is very bright in diffuse emissionof galacticγ-rays and a very promis-

ing source of galactic neutrinos. Extensive studies have been performed by γ-ray ex-

periments at different wavelengths ranging from radio to TeV energies. The presence

of multiple bright sources of γ-rays, superimposed with the galactic diffuse emission

creates an environment challenging to study. Different generations of surveys such as

Milagro [109, 110], Veritas [111] and more recently HAWC [112] have nevertheless ob-

served extended regions of γ-ray emission. CR acceleration and correlated neutrino

production have also been considered for the region [113, 114].

Similarly to what has been done to the northern and southern hemispheres, the re-

sults of the two-point autocorrelation analysis are here presented. Given the smaller

size of the area of the sky under analysis, it was computationally possible to reduce the

spacingof the angular scales grid (θ) from0.25◦ to0.1◦. Figure 4.15 (toppanel) shows

the results asmeasured number ofweighted event-pairs (Npairs) divided by the num-

ber of expected pairs (< Npairs >) in a background-like scenario. The coloured

bands represent the statistical uncertainty on< Npairs > at the one, two and three

σ levels. A black dot represents a measurement at each angular scale (θ) that has been

tested. The corresponding pre-trial p-value is reported for each measurement in the

lower panel. The most significant p-value among the different angular scales is high-

lighted in red. A trial corrected p-value of 53%, in agreementwith the expected values

of a background scenario, is calculated for themost significant angular scaleθ = 0.1◦.

An evident underfluctuation is present for all the angular scales larger than 0.3◦.

Figure 4.16 shows the upper limits as flux per source for a point-like source scenario

(solid orange line) and for a gaussian-shaped source with σ = 1◦ scenario (dashed

blue line). The flux values ar presented as a functionof the number of sources injected

in the region. The limits are valid for sources with the same luminosity at Earth and
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Figure 4.15: The results of the two-point autocorrelation analysis in the Cygnus Region are showed

in the top panel. The y-axis represents measured number of weighted event-pairs (Npairs) di-

vided by the number of expected pairs (< Npairs >) in a background-like scenario. The coloured

bands represent the statistical uncertainty on< Npairs > at the one, two and threeσ levels.

A black dot represents ameasurement at each angular scale (θ) that has been tested (x-axis). The

corresponding pre-trial p-value is reported for eachmeasurement in the lower panel. Themost

significant p-value among the different angular scales is highlighted in red.

with an unbroken energy spectrum proportional to E−2.
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Figure 4.16: Flux upper limits at the 90% confidence level in the Cygnus region are reported as flux

per source for a point-like source scenario (solid blue line) and for a gaussian-shaped source with

σ = 1◦ scenario (dashed blue line). The flux values ar presented as a function of the number of

sources injected in the region. The limits are valid for sources with the same luminosity at Earth

andwith an unbroken energy spectrum proportional toE−2.

4.3 Discussion

A two-point autocorrelation analysis has been performed on a data sample covering

7 years of uptime of the IceCube detector. In order to properly treat the different

level of atmospheric background and to account for the differences in event selection,

the northern and southern hemispheres have been analyzed separately. An additional

test has been performed on the active galactic area called Cygnus Region. The results

of the different searches are all very well consistent with the background hypothesis

of isotropic distribution over the sky of astrophysical neutrino events. The southern

hemisphere and the Cygnus region show a mild statistical underfluctuation in the

number of measured event-pairs.
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Upper limits at the 90% confidence level have been calculated for a population of

sources with the same luminosity at Earth and with an unbroken energy spectrum

proportional toE−2. The case of point-like versus extended sources of gaussian shape

has alsobeen tested, calculating the relativeupper limits. The analysis on thenorthern

hemisphere, which is the most sensitive in terms of perfotmance, produced upper

limit fluxes per source that range from 8·10−12TeV cm−2 s−1 in the case of one single

source in the sky, to 9 · 10−13 TeV cm−2 s−1 for 50 sources. While the former value

is already ruled out by more stringent upper limits from the point source analysis

[103], the latter is the last one allowed by themeasurement of the diffuse astrophysical

neutrino flux [2].
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5
The γ-rays Counterparts

As discussed in chapters 1 and 2, the combined production of neutrinos and γ-rays

is predicted by all hadronic mechanisms that try to describe the origin of CRs. It

is therefore straightforward to try to use the information provided by one of these

two messengers to identify the sources of the second one. This process can work in

two specular ways: using the precisely known locations of theγ-ray sources to search

for an accumulation of neutrino events, or using the less precisely reconstructed neu-

trino direction to look for a correlationwith observedγ-ray sources. The first Section

of this chapter will briefly discuss the most recent results obtained using the first ap-

proach on blazar catalogs. The second part of the chapter will focus on the search for

γ-ray counterparts for the published IceCube neutrino events.
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5.1 Blazar Stacking

The standardway to look for an accumulation of neutrino events at a single source po-

sition is the point source likelihoodmethod illustrated in chapter 4. Themost recent

results looking at the position of known γ-ray sources and using the event sample

described in chapter 4 are illustrated as upper limits in Figure 4.3 [103].

Thismethod has not yet observed any neutrino source with high enough significance.

For this reason the focus has shifted towards detecting a population of fainter sources.

Themethod used to detect a population of sources at given known locations is an ex-

tension of the single source likelihood and it is called Stacking. In the same formalism

discussed previously, the signal factor S of the likelihood (Eq. 4.2) is replaced by the

weighted sumof the signal probabilities the eventwould have at each source position:

Si → SStack
i =

∑M
k=1Wk · R(δk, γ) · Sk(⃗xi, x⃗k, Ei, γ)∑M

k=1Wk · R(δk, γ)
. (5.1)

The factor Wk represents a theoretical weight given to each source k, which can be

proportional to intrinsic properties of each source, e.g. luminosity, redshift, etc. The

factor R(δk, γ) accounts for the detector acceptance at declination δk for a source

with a spectral index γ. The sum is performed over all theM sources of the catalog

taken into consideration. Excluding this modification, the rest of the analysis is per-

formed in the same way as a standard point source analysis.

The most recent results of a stacking analysis published by IceCube use three years

of data (IC59, IC79, IC86-I) from the event selection discussed in Section 4.1.1 [115].

The sources under investigation are blazars of BL-Lac and FSRQ type, taken from

the Fermi 2LAC catalog (see Section 5.4). The results of the analysis do not show any

significant excess of neutrino emission at the location of 2LAC blazars. The upper
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limits on the flux are illustrated in Figure 5.1. When compared to the measured astro-

physical neutrino diffuse flux, the tested catalog can explain a maximum of almost

30% of the total flux under the model assumption of an unbroken power-law. If a

correlation between the neutrino flux and the γ-ray flux of the sources is introduced

as a weighting parameter, an even smaller fraction is obtained. These results have

been confirmed and evenmore stringent limits have been placed bymore recent anal-

yses performed both on an updated neutrino data sample, and on different andmore

recent catalogs [102].
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Figure 5.1: 90% upper limits on the stacking analysis performedwith three years of IceCube data

on blazars of the 2LAC catalog [115].

5.2 The Counterpart Method

The study of the correlation between neutrinos and γ-ray sources follows here the

method used in [53]. The observableNν represents the number of neutrino events
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with at least one counterpart within the individual angular uncertainty. It is defined

as

Nν(i) =
∑
ν

Θ

∑
γ∈Si

Θ (σν −ψγ,ν)

 , (5.2)

where the sums are performed over all the events in the neutrino sample (ν), and all

the sources that belong to the sub-groupSi of theγ-ray catalog (γ) . Each subsample

is created by selecting all the sources of the catalog that fulfill a specific requirement,

e.g. a flux larger than a specific threshold. The neutrino angular uncertainty corre-

sponds to σν and ψγ,ν is the angular distance between the neutrino event and the

source location. The function Θ(x) is the Heaviside step-function, defined as fol-

lows.

Θ(x) =


0, if x ≤ 0

1, if x > 0
(5.3)

Scanning different partitions of the catalog by defining increasing flux thresholds

presents an advantage over scanning the catalog as a whole. The scan will infact high-

light the case in which only sources above a determinate flux are associated with Ice-

Cube events.

The chance probabilityP(i) represents the likelihood to observe a givenNν from the

catalog subsampleSi, and it is calculated by comparing the result to background-like

cases. The background cases are generated by creating randomised skymaps in which

either the neutrino events or theγ-ray sources are placed isotropically in the sky. The

preferred strategy, in order to not alterate a possible large scale structure of the source

population, is to scramble the neutrinos in right ascension, leaving the position of the

sources untouched. Thismethod is not applicable in the case of a catalog constructed

by a survey that is not uniform over the full sky and focus only on specific regions. In

this case a scrambling of the neutrinos cannot conserve the total area sampled by the
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neutrinos error circles, resulting in a biased statistics. The solution of this problem

consists in leaving the neutrinos at their coordinates and randomising the positions

of the sources inside the area covered by the survey.

A p-value is calculated for each of the subsamples of the catalog and the one with the

highest significance is selected as results. In order to correct for the Look Elsewhere

Effect, the usual trial correction procedure is applied.

5.3 The Neutrino Events

Theneutrino event sample used to perform the analysis with themethod described in

Section 5.2 has been constructed by collectiong the publicly available events released

by the IceCube collaboration. These events are selected by various IceCube analyses,

using different filtering techniques and thus presenting distinct topologies inside the

detector. The common characteristic that brings all these events together is the very

high likelihood of having an astrophysical origin.

The first set of events used to build the full sample is the one selected and published

over 6 years by the HESE analyses. It consists of high energy events that start inside

the detector volume. The majority of the events are reconstructed with a cascade

topology, presenting a large angular uncertainty compared to the remaining part of

the sample, which is made of starting tracks. The second set of events is made of

high-energy, through-going muon tracks, with an angular uncertainty smaller than

1◦. The sample covers 8 years of detector uptime. The remaining events are collected

from the public alerts that the IceCube collaboration has been providing in the last

two years through the GCNnetwork. Formore details about the samples see Section

3.4.2 and references therein.

In order to select only events with a good enough reconstruction to perform a corre-
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lation analysis, and to more strictly remove any contamination by atmospheric neu-

trinos, two further cuts are applied to the neutrino sample.

1. The angular uncertainty of each event is required to be smaller than 20◦.

2. Only events with a reconstructed energy higher than 60 TeV are allowed in

the sample.

The final sample of neutrinos is illustrated on a skymap in Figure 5.2, the angular

uncertainty is depicted with white circles. The color scale represents the number of

overlapping neutrino events at a given point in the sky. The full sample consists of

110 neutrino events, of which 76 are tracks while the remaining are cascades. For a

complete list and summary of the selected events, refer to [116].
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Figure 5.2: Position in the sky of the neutrino events selected for the correlation analysis. The

angular uncertainty is depicted with white circles. The color scale represents the number of over-

lapping neutrino events at a given point in the sky.
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5.4 The Fermi/LAT experiment

TheLarge Area Telescope (LAT ) is the primary instrument of theFermi Gamma-ray

Space Telescope (Fermi)mission [117]. TheLATwas launched in orbit in June 2008by

NASA and has been operating since. The main purpouse of the telescope is to mea-

sure coordinates, energy and arrival timeofγ-rays over awide field of view. Themech-

anism of operation is the conversion of collidingγ-rays into an electron-positron pair

via interaction with a high-Z material. The telescope consists of four main subsys-

tems: a precision tracker, a calorimeter, an anticoincidence detector (ACD) and a

Data Aquisition System (DAQ) (see Figure 5.3). The tracker consists of a 4x4 array

of 16 modules, where converter planes made of tungsten are coupled with position-

sensitive silicon-strip detector. Additionaly, each tracker module has 18 tracking lay-

ers that contribute to themeasurement of the tracks of the chargedparticles produced

by the pair conversion. The calorimeter is made of 96 CsI(Tl) crystal, stacked in 8 lay-

ers of 12 elements each. Themain purpouse of this subsystem is tomeasure the energy

deposited by the interaction of the γ-ray, while its secondary function is to provide a

background discriminator by imaging the development of the electromagnetic parti-

cle shower. The ACD is made of plastic scintillator material and covers the previous

subsystems. Its purpouse is to reject with high efficiency the background of charged

particles entering the tracker and calorimeter. The on-board DAQ system collects all

the data recorded by the other instruments. It is also responsible for implementing

the trigger and it performs online computations to reconstruct and filter the mea-

sured events in order to reduce the volume of data to transfer to Earth. Additional

science tools are provided online to perform fast transient searches. The main ob-

serving mode of the telescope is the so called Scanning Mode, which offers an almost

uniform coverage of the entire sky in about 3 hours of time. In the case of interesting
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targets, the observatory can be also pointed.

Figure 5.3: Schematic illustration of the Fermi/LAT space observatory. The single elements of the

satellite are highlighted, the components of the LAT instrument are described in the text.

5.5 The 3FHL Catalog

The Third Catalog of Hard Fermi-LAT Sources (3FHL) is based on 7 years of data

of the Fermi Large Area Telescope [118]. The catalog contains sources detected in the

energy band that goes from 10 GeV to 2 TeV and it is made of a total of 1558 objects.

The sensitivity and angular resolution are improved with respect to both the previ-

ous version of the catalog (1FHL [119]) and the 2FHL catalog [120], which had an
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energy threshold of 50 GeV. Among the different types of sources, the catalog lists

750 blazars of the BL-Lac type, 172 FSRQs and 290 additional blazar of unidentified

category.

The SED of all the objects has been furtherly analyzed by using the tools provided by

the Open Universe∗ project [121]. For each blazar object a manual fit to the energy

distribution has been performed, in order to provide themost precise estimation pos-

sible of the ν peak. The results provide a detailed characterization of the catalog, as

summarized in the second column of Table 5.1.

5.5.1 Results

A previous iteration of a counterpart analysis of the type described in Section 5.2

has been performed in [53]. The analysis was performed on a smaller neutrino sam-

ple, consisting of 4 years of HESE events and 6 years of through-going muon events.

Among the various tested catalogs, the results were consistent between each other,

providing significance at the two sigma level in the case of the 2FHL catalog. The

source class that was showing the highest level of correlationwith the neutrino events

was the HBL. An updated version of both catalog and neutrino sample provides an

interesting chance to further investigate the correlation previously observed. The re-

sults of the test are reported per source class in Table 5.1.

Tohighlight any correlationbetweenneutrinos and themeasured fluxof the sources

of the catalog, a scan on different partition of the catalog has been performed. Results

are presented in Figure 5.5. The most significant p-value is obtained from the parti-

tion of the catalog containing HBL sources with a Fγ(> 10GeV) > 8.43 · 10−11

ph cm−2 s−1. The p-value corresponds to 0.35 pre-trials, which becomes 0.65 after

trial correction. The skymap showing both neutrinos and sources of the partition

∗http://www.openuniverse.asi.it/
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Source Class Number of Objects p-value

All Sources 1558 0.89
Blazar 1301 0.8
HBL 637 0.65

Non-Blazar 149 0.84

Table 5.1: Summary of the Counterpart analysis on the 3FHL Catalog. The analysis is performed

separately on the different classes of sources, identified after themanual fit ofν peak [121]. P-

values are trial corrected for testingmultiple partitions of the catalog. Calculations are performed

on sets of 5000 background-like sky realizations. Trial correction is applied.

providing the best p-value is showed in Figure 5.4.

In agreement with the choices in [53] regarding the γ-ray sources catalogs, objects

close to the Galactic Plane have been removed from the sample. The SED of these

objects is infact harder to analyse, presenting strong influence from photons originat-

ing in our Galaxy. Since the interest of the analysis relies on extra-galactic objects,

this choice has also the positive outcome of removing spurious coincidences. After

removing sources lying closer than 10◦ to the Galactic Plane and being careful in per-

forming the random scrambles as discussed in 5.2, the most significant p-value is ob-

tained from the same partition of the catalog containing HBL sources. The p-value

is slightly more significant: 0.12 pre-trials, which becomes 0.33 after trial correction.

The results of the scan are presented in Figure 5.6. From this point, all the results

presented will include this prescription in treating objects close to the Galactic Plane.

The counterpart analysis in [53] observed a correlation between sources of HBL

type and neutrinos with a cascade topology. This was believed to be caused by the

small statistics of neutrino events with a track topology. Figure 5.7 shows the results

of the counterpart analysis on theHBL sources using the two topologies of neutrino

events separately. The same conclusion can be taken from the new results.

The distribution of the expected number of counterparts from background-like
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Figure 5.4: Skymap showing the position of the HBL sources in the 3FHL catalog belonging to the

partition which provides the best p-value in the correlation test. Bright red circles show sources

that lie inside the angular uncertainty of neutrino events, shaded red circles show non-correlating

sources. Neutrinos are representedwith the same style as Figure 5.2.

skymaps is presented in Figure 5.8, the measured number of counterparts is reported

with a red vertical line. The distribution is calculated for the most significant parti-

tion of the catalog of sources of the HBL type. The three histograms represent the

distribution obtained using the complete neutrino sample (All), and only events of

a given topology (Tracks, Cascades).

To compare the results of the test with the previous analysis, the effect of the up-

date on the neutrino sample and on the catalog are studied independently. Figure

5.9 (left) shows the result of the analysis that is obtained by using the HBL sources

from the 3FHL catalog to look for correlation with the neutrino sample used in [53].

Figure 5.9 (right) is instead showing the results of the analysis that uses the current

neutrino sample and the HBL sources from the 2FHL catalog.
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Figure 5.5: Chance probability of correlation between IceCube neutrinos and different classes of

sources of the 3FHL Catalog (different colors). The results are shown for the case of background re-

alization by scrambling the position of the sources of the catalog. The x-axis represents the thresh-

olds in photon flux at which the catalog has been partitioned. The numbers represent themeasured

number of neutrino-source counterparts (top) compared to the expectation from background of

the same quantity (bottom).

5.5.2 Discussion

The results of the counterpart analysis show a relevant reduction of the significance

when compared to the results in [53]. This shift goes in the opposite direction ofwhat

would be expected if a direct correlation between sources of the HBL type and astro-

physical neutrinos was real. Nevertheless, in the light of what is described in Section

5.7 it seems premature to conclude that there is no correlation at all.

A deeper look at the results shows that the updates applied to the analysis might not

have trivial effects, and some parallels remain when compared to the previous test.

The first analogy is the fact that the subcatalog containing HBL sources remains the

one that provides the strongest significance of correlation with neutrinos. The over-
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Figure 5.6: Chance probability of correlation between IceCube neutrinos and different classes of

sources of the 3FHL Catalog after removing objects lying closer than 10◦ to the Galactic Plane

(different colors). The results are shown for the case of background realization by scrambling the

position of the sources of the catalog. The x-axis represents the thresholds in photon flux at which

the catalog has been partitioned. The numbers represent themeasured number of neutrino-source

counterparts (top) compared to the expectation from background of the same quantity (bottom).

all effect of the change to the 3FHL catalog is very small, but nevertheless negative.

On the catalog side, it is not clear what is the contribution of a change of threshold

in the source selection between the second and the third version of the FHL catalog.

The updated neutrino sample has a much stronger effect in reducing the significance.

The first track-like events start to correlate with sources as expected with the increase

of statistics in this topology. As seen in the previous test, cascade events are still the

most significant contributors in the test. It is important to notice that with the in-

crease of neutrino statistics, events with a large angular uncertainty like the ones with

cascade-like topology will start to lose their power in filtering out interesting sources

by spuriously selecting randomobjects in the sky. It is then believed that an update in
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Figure 5.7: Chance probability of correlation between IceCube neutrinos andHBL sources from

the 3FHL Catalog. The results are shown for the case of background realization by scrambling

the position of the sources of the catalog. The x-axis represents the thresholds in photon flux at

which the catalog has been partitioned. The neutrino sample is divided according to event topology:

cascades are represented in red and tracks in blue. The numbers represent themeasured number

of neutrino-source counterparts (top) compared to the expectation from background of the same

quantity (bottom).

the algorithmwill beneeded in thenext iterations of the analysis ifmoreneutrinodata

will be available. For these reasons, Section 5.6 will be focused on track-like events, ex-

ploring the possibility of a systematic underestimation of the angular error attributed

to the neutrino tracks.

The results provided in this Section are the preliminary steps of an analysis using all

the three astrophysical messengers taken into consideration in this work (see chapter

6).
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Figure 5.9: Left: Chance probability of correlation between IceCube neutrinos from [53] andHBL

sources from the 3FHL Catalog. Right: Chance probability of correlation between IceCube neutri-

nos sampled in this work andHBL sources from the 2FHL Catalog. The results are shown for the

case of background realization by scrambling the position of the sources of the catalog. The x-axis

represents the thresholds in photon flux at which the catalog has been partitioned. The neutrino

sample is divided according to event topology: cascades are represented in red and tracks in blue.
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5.6 The 3HSP Catalog

A counterpart analysis similar to what has been performed on the 3FHL Catalog in

the previous section is here performed as a test on a preliminary version of the 3HSP

Catalog [122]. This catalog will become the third version of the WISE High Syn-

chrotron Peaked (2WHSP)Catalog [123], and collects sources of the BLLac typewith

a synchrotron peak higher than 1015Hz. For each source a Figure of Merit (FoM) is

calculated, which represents the likelihood of observing the object in the TeV γ-ray

band. The FoM is defined as the ratio between the measured flux at the synchrotron

peak and the flux of the faintest source detected in the TeV γ-ray band. The total

number of sources is increased by 20% from the previous version, to a total of 2012

objects. Half of themhavebeenobserved inγ-rays. Figure 5.10 shows thedistribution

of the objects with respect of the FoM and in comparison to the previous realization

of the catalog.

The counterpart method used to calculate the probabilities is described in details

in Section 5.2. Each probability corresponds to the likelihood of observing a higher

number of counterparts than the number expected from a background scenario. The

probabilities are calculated using a sets of 105 randomised realisations of the sky.

The test has been performed not only considering the published angular uncer-

tainty of each neutrino (σ), but also testing larger areas (∆Ψ): namely a factor 1.1,

1.3 and 1.5 times the previous uncertainty. This choice is made in order to take in

consideration slightly larger areas of the sky, to include possible systematic effects that

would increase the error on the directional reconstruction of the neutrinos.

The columns of Table 5.2 report the observed number of neutrino-source coun-

terparts, which can be compared for each method of randomisation to the expecta-

tion from background. Additionally, the probability of observing a larger number
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Figure 5.10: Distribution of the sources in the 3HSP (blue) and 2WHSP (orange) catalogs as a

function of FoM. The solid line indicates the full catalogs, the dashed line indicates the sources with

observedγ-ray emission.

of counterparts is presented. Even though the different tests are highly correlated,

a trial correction due to performing multiple tests is applied. The corresponding p-

value and its significance in units of sigmas of the Normal distribution is reported

once for each randomisation, and once for the complete set of tests. As a cross-check,

the exact same procedure has also been applied by selecting areas of fixed size around

neutrinos. The radii chosen are 0.5◦, 1◦, 1.5◦, 2◦ and 3◦.

5.6.1 Results

Table 5.2 (top) presents the results of the counterpart test on the 3HSP catalog. Only

neutrino events with a track-like topology are used in the calculations of the proba-

bility presented in the following table.

An additional scan in FoM, in parallel to what has been done with the energy flux
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for the 3FHLCatalog in Section 5.5 is reported in Figure 5.11. The plot on the left rep-

resents the analysis on the complete 3HSP Catalog, the plot on the right shows the

scan only for the sources with observed γ-ray emission. The neutrino angular uncer-

tainty used for the test is the one provided by the IceCube collaboration. Figure 5.12

shows the same results, but in this case obtained by increasing the neutrino angular

uncertainty by a factor of 1.3, the value that gives the highest significance in Table

5.2.
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Figure 5.11: Chance probability of correlation between IceCube neutrinos and sources from the

3HSP catalog. The solid line is valid for the full catalog, the dashed line for sources with observed

γ-ray emission. The x-axis represents the thresholds in FoM at which the catalog has been parti-

tioned. The results using the complete neutrino sample are represented in blue, while the results

divided by topology show cascade-like events in red and track-like events in orange. The plot shows

the results obtained by using the neutrino angular uncertainty provided by the IceCube collabora-

tion [116].

5.6.2 Discussion

A reported in Table 5.2, the best p-value observed is 0.007 pre-trial, corresponding

to 2.26 sigma after correction for trials. This p-values correspond to counting 27

counterparts over ∼ 20 expected from a pure background case and it is obtained by

randomizing the galactic longitudes of the full 3HSP Catalog, while using a neutrino

angular uncertainty 30% larger than the published angular uncertainty. In contrad-
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Figure 5.12: Chance probability of correlation between IceCube neutrinos and sources from the

3HSP catalog. The solid line is valid for the full catalog, the dashed line for sources with observed

γ-ray emission. The x-axis represents the thresholds in FoM at which the catalog has been parti-

tioned. he results using the complete neutrino sample are represented in blue, while the results

divided by topology show cascade-like events in red and track-like events in orange. The plot shows

the results obtained by increasing the neutrino angular uncertainty by 30%.

diction to the expectations, the subcatalog of objects with observed γ-ray emission

does not seem to contribute to the significance. This can be explained because the

contribution to the significance seems to stem from sources with a FoM of the order

of 10−1, which are by definition fainter and harder to detect in the γ-ray band. A de-

tailed look at the correlating objects in the regions of sky selected by IceCube events

seems therefore to be needed to understand the nature of these potential neutrino

sources. It is important to notice that these regions seem to be slightly larger than

the angular uncertainty provided by the IceCube collaboration. A dedicated paper is

currently in preparation to provide a better insight on these interesting objects [124].
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3HSP Catalog

All Sources (2012 Objects)
∆Ψ Observed Nr. Expected Nr. p-value
1σ 17 14.3 0.202
1.1σ 19 15.9 0.183
1.3σ 27 19.2 0.007
1.5σ 29 22.3 0.021

Post trials p-value 0.012 (2.26σ)
0.5◦ 5 2.7 0.131
1◦ 14 10.1 0.115
1.5◦ 25 20.4 0.143
2◦ 34 31.2 0.279
3◦ 51 48.0 0.211

Post trials p-value 0.322 (0.46σ)

Sources w/ γ-rays (1012 Objects)
1σ 10 9.0 0.392
1.1σ 10 10.1 0.592
1.3σ 16 12.5 0.124
1.5σ 19 14.9 0.105

Post trials p-value 0.137 (1.09σ)
0.5◦ 3 1.3 0.141
1◦ 4 5.1 0.787
1.5◦ 10 11.2 0.701
2◦ 21 18.5 0.282
3◦ 36 33.8 0.341

Post trials p-value 0.354 (0.37σ)

Table 5.2: The table on the top reports the observed number of neutrino-source counterparts ob-

tained by using the complete 3HSP Catalog, while the table on the bottom report the same quantity

obtained by using only the sources with observedγ-ray emission. The number of counterparts

can be compared to the expectation from background. Additionally, the probability of observing a

larger number of counterparts is presented. A trial correction due to performingmultiple tests is

applied. The corresponding p-value and its significance in units of sigmas of the Normal distribution

is reported. As a cross-check, the exact same procedure has also been applied by selecting areas of

fixed size around neutrinos.
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5.7 The Random Chance Probability of a Coincidence with a

Neutrino Alert

On September 22nd of 2017 an EHE selected neutrino event measured by IceCube

triggered a GCN Alert and a follow-up was successfully performed by multiple ex-

periments. For the first time, a coincidence in space and time was observed with the

flaring object TXS 0506+056 at a significance of ∼ 3σ [3]. A subsequent analysis

performed on IceCube archival data strongly suggests the presence of a neutrino flare

of ∼ 5 months length in 2014-2015 from the same source [125]. Further multiwave-

length studies show how the object, at first thought to be an ISP BL Lac, is instead a

masquerading BL Lac [126].

It is not the purpouse here to enter the discussion about the object itself, but only

to present a statistical framework developed during the first weeks after the observa-

tionof the coincidence. The assessment of a spatio–temporal coincidence probability

with catalogs of sources and single objects within the catalog is here discussed. This

discussionwas firstly summarized in an IceCube InternalReport paper (icecube/201710001).

We consider the coincidence between one detected neutrino event issued via an EHE

or HESE alert and one observed flare from either a generic source from an ensamble

or a specific source in a catalog. The coincidence is defined both in time and in angu-

lar coordinates. Each IceCube event defines a point in time and a region of the sky to

be followed up by other experiments. The coverage by another telescope is approx-

imated as full-sky. The flaring state of the source is defined as a binary decision: the

source can be in a quiescent state or in a flaring one. A quiescent state is equivalent

to not observing any coincidence. Every EHE or HESE alert is considered as an inde-

pendent experiment.

We define the probability of an alert aspIC and the probability a flare aspfl. The goal
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is to compute the probability that among n trials an alert and a flare are coincident

(PC). AlternativelyPC is the probability that no coincidence is observed. SinceC and

C are also mutually exclusive, PC = 1− PC.

The binomial distribution is here usedwith parametersn andp for the discrete prob-

ability distribution of the number of coincidences in a sequence of n independent

experiments. Each experiment has two possible and mutually exclusive outcomes,

namely coincidence or no coincidence.

Twochanceprobabilities are here considered: the coincidence rate betweenone generic

neutrino alert and one generic flare from a generic source in a catalog, and the coinci-

dence rate betweenone generic neutrino alert andone generic flare of a specific source.

The method we follow here is a classical frequentist method that relies largely on cal-

culating probabilities for spurious coincidences under a null hypothesis of no true

associations.

5.7.1 Coincidence with specific source

A random association of one neutrino alert with a single source in the sky is given by

the probability of the source to be inside the solid angle ∆Ω ≈ 2π (1− cos∆Ψ)

identified by the IceCube event angular uncertainty uncertainty∆Ψ.

PΩ =
1− cos∆Ψ

2
≈ ∆Ψ2

4
, (5.4)

The probability of a source to be in a flaring state is independent from PΩ. It is esti-

mated bymeasuring the fraction of time that the source spent in a flaring state on the

total time of the observation. The probability can be expressed as:

PFlare =
T (Flaring)

T(Tot)
≡ α, (5.5)
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The probability of the random coincidence is then

PC = PΩ · PFlare . (5.6)

5.7.2 Coincidence with an ensamble of sources

Equation 5.6 considers a single, specific source in the sky. For an ensemble of sources

of sizeN, the probability to see at least one source in coincidence with an alert is

P ′
C = 1− (1− PC)

N , (5.7)

whereN = 4πη ≈ 41253 ρ for a density η
[
sr−1

]
or ρ

[
deg−2

]
of sources in the

sky.

The probability of the coincidence can be extended to a population of sources in case

the source was already known prior to the alert. This is the case if a source belongs to

a specific catalog. We can consider each possible realization of the ensamble of sources

as Poisson distributed around a mean density value η times 4π (considering the full

sky). The coincidence probability is given by the following weighted mean:

P ′′
C =e−4πη

∞∑
N=0

(4πη)N

N!
P ′
C (N) (5.8)

=1− e−4πη
∞∑
N=0

1

N!
(4πη (1− PC))

N (5.9)

=1− e−4πηPC (5.10)

≈1− e−πη∆Ψ2α (5.11)

≈1− e−41253ρ
∆Ψ2

4
α. (5.12)
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Considering a total number ofn IceCube alerts, the probability of observing at least

one coincidence needs to be corrected with an additional trial factor:

PTotC =1− (1− P ′′
C)
n (5.13)

≈1− e−nπη∆Ψ2α (5.14)

≈1− e−41253nρ
∆Ψ2

4
α. (5.15)

If a chosen value ϵ for the final significance is fixed, the requirements for the flaring

source density α · η can be obtained by

α · η ≤ −
log (1− ϵ)

πn∆Ψ2
≈ ϵ

nπ∆Ψ2
, (5.16)

where the approximation holds for small probabilities. This yields a two dimensional

parameter space for allowed source densities and flaring probabilities of the sources

to assess whether the occurrence of a coincidence is significant or not.

To estimate the chance probability to see a coincidence between a neutrino alert is-

sued by IceCube and a known source, we use here the Fermi/LAT 3FHL catalog as a

template. Similar studies can be done with different catalogues. We consider here the

parameter space number density vs flare probability (see Fig. 5.14). The background

diagonal lines represent different levels of significance. We note that the number den-

sity of the Fermi/LAT catalog depends on the energy flux by different orders of mag-

nitudes (see Fig. 5.13). Parameters used to perform the calculation on the 3FHL cata-

log are listed in Table 5.3.
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∆Ψ 0.7◦

PΩ 4.2 · 10−5
PFlare 0.03

ρTXS0506+056 2.5 · 10−3
ρ3FHL

[
2.5 · 10−4, 4.5 · 10−3

]
n 10

Table 5.3: List of quantities used to calculate the Coincidence Probability for the 3FGL(left) and the

3FHL(right) catalogues.

5.7.3 Discussion

The first result here provided is the range of chance probabilities for the coincidence

between one IceCube alert among n = 10 alerts issued and one generic source in a

catalogue (3FHL). The flare probability is left floating in this generic scenario. This

can be eventually refined with detailed population studies. For a source flaring few

percent of the time the random chance probability is in the range of 2-3 σ. The sec-

ond result here provided is the chance probability for the coincidence between one

IceCube alert among then = 10 alerts issued and a source with similar properties to

theTXS0506+056. This coincidence happenswith a probability of∼ 3σ. This result

is in good agreement with the assessment of the same probability with more detailed

methods by the multi-collaboration analysis [3]. It can be concluded that this simple

method can be used as a quick and stable first-guess estimator of the significance of a

coincidence.
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Figure 5.13: Number densities of the sources in the 3FHL catalog. The solid line represents the

whole catalogue, while the dashed line shows only the blazars. The red vertical line is placed at the

quoted steady state flux of the TXS 0506+056.

118



10 4 10 3 10 2

Number Density / deg 2

10 3

10 2

10 1

100

Fl
ar

e 
Pr

ob
ab

iliy

1

2

3

4

3FHL - All
3FHL - Blazars

TXS 0506+056 - All
TXS 0506+056 - Blazar
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3FHL catalog. The star represents the probability of having seen one IceCube alert in space-time

coincidence with an object similar to the TXS 0506+056 andwith a chosen characteristics flaring

rate of 3%. The shaded area represents the area covered by the number density of the catalog.
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6
Connecting the three messengers

This Chapter presents themost recent results on a test developed to connect the three

different messengers: neutrinos, γ-rays and UHECR. In the first sections I describe

the two observatories (Pierre Auger andTelescopeArray) that register CR at the high-

est energies. Their publicly available data is used for the analysis. The statistical

method for looking for correlation between the three different messengers is then

presented in details. Finally, the results obtained with the most recent data publicly

available are reported. This work has been done in collaboration with E. Resconi, P.

Padovani, P. Giommi, Y.L. Chang and B. Arsioli and part of it has been presented at

the the 35th International Cosmic Ray Conference.
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6.1 Ultra High Energy Cosmic Rays Telescopes

6.1.1 The Pierre Auger Observatory

ThePierreAugerObservatory (PAO) [127] is an hybrid detector system located inAr-

gentina, which employs two independent methods to detect and study high-energy

cosmic rays. One part of the telescope consists of a surface array made of 1660 water

Cherenkov stations, spaced in a triangular grid over an area of approximately 3000

km2. The single station incorporates three photomultipliers into a water tank. They

record the Cherenkov light of charged particles passing through the water contained

in the tank andare also sensitive tohigh-energyphotons converting in electron-positron

pairs. The second part of the observatory consists of a fluorescence detector, which

can follow the development of the shower in the atmosphere thanks to the fluores-

cence produced by the nitrogen molecules in the atmosphere. The fluorescence de-

tector is made of 24 telescopes located at four different locations around the surface

detector, orientated facing in. The fundamental feature of such an hybrid detector is

to observe a single event with two simultaneous and idependent techniques: the fluo-

rescence telescopes image the development of the air-shower and the surface detector

measures the interaction of the shower particles once they reach the ground. Even

though the fluorescence detector can operate only on clear, dark nights, the surface

detector has a 100% duty cycle. Additionally, it can take advantage of the measure-

ments done in combination with the fluorescence detector in order to have a better

calibration even when operating alone. The performances of the hybrid detector are

estimated at an 8% energy resolution and a 0.6◦ angular resolution for the reconstruc-

tion of cosmic-ray events at energies larger than 3 · 1018 eV, where the detector is at

full efficiency.
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6.1.2 The Telescope Array Observatory

TheTelescopeArray (TA) observatory [128] is an hybrid detector system that consists

of a surface detector and a fluorescence detector similar to PAO. The experiment is

located in Utah (USA) providing an observatory in the northern hemisphere with a

complementary role to what PAO is for the southern hemisphere. The surface de-

tector covers an area of 762 km2 with 576 scintillator detectors disposed on a square

grid at 1.2 km of distance each. Scintillators have been chosen over Cherenkov water

tanks because of the smaller systematic error in the determination of the primary en-

ergy, resulting in an efficiency of 100% at 1019 eV energies. The fluorescence detector

consists of three stations facing inwards, over the area covered by the surface detector.

Each station is equippedwith 12-14 telescopes. The operating principles of the hybrid

detector are the same as the ones described in Section 6.1.1.

6.2 Ultra High Energy Cosmic Ray Data

ThePAOandTAobservatories collectedmultipleUHECRevents over the years, pro-

ducing a sample of the cosmic rayswith the highest energies ever obseved. This public

sample consists of 340 events ofwhich 231 havebeenmeasuredbyPAOabove52·1018

eV, and 109measured byTA above 57 ·1018 eV [129, 130]. Multiple tests on these sam-

ples provided indications of small scale anisotropies in theUHECR sky at the level of

2-3 sigmawhen allowing a deflection of the cosmic rays of 20◦. Amore recent analysis

presents the observation of a large scale anisotropy in the arrival direction of cosmic

rayswith energies higher than8·1018 eV [19], butno counterparts havebeenobserved

yet. Multiple indications of correlation with different populations of extragalactic γ-

ray sources have also been recently discussed [131]. The significances obtained with a

likelihood ratio test comparing an isotropic sky to different catalogs of sources range
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from 2 to 4 sigmas for different catalogs, namely a 2.7σ post-trial p-value is observed

for the 2FHL catalog for events with energies larger than 60 · 1018 eV. The IceCube,

PAO andTA collaborations have also performedmultiple tests to investigate the pos-

sibility of a neutrino-UHECR correlation. A possible correlation has been presented

at the significance level of 2.3σ [132]. This significance does not seem to grow with

the addition of new data, leaving still open all the questions regarding a possible joint

production of UHECR and neutrinos.

6.3 The counterpart method with three messengers

The statistical method used to assess a possible correlation between neutrino-selected

sources and UHECR has been developed on the basis of the technique described in

Section 5.2. The number of UHECR events with at least one catalog object at an an-

gular distance closer thanθ is counted. The value ofθ corresponds here to an angular

uncertaintainty on the directional reconstruction of theUHECRevent. Since its eval-

uation is extremely complex due to the deflection by magnetic fields of a cosmic ray

particle, a scan at angular distances going from 1◦ to 30◦ at 1◦ steps is performed. The

mathematical expression of the test is the following

nCRw/ν(i, θ) =
∑
CR

Θ

∑
γ∈Si

∑
ν

Θ (σν −ψγ,ν)Θ (θ−ψγ,CR)

 , (6.1)

where the sums are performed over all the events in the UHECR sample (CR), all the

sources that belong to the sub-group Si of the γ-ray catalog (γ) and all the events

in the neutrino sample (ν). As done in the counterpart method, each subsample is

created by selecting all the sources of the catalog that have a flux larger than a spe-

cific threshold. The variableψ indicates the angular distance between one UHECR
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(neutrino) event and a source. The neutrino angular uncertainty corresponds to σν.

The functionΘ(x) is the Heaviside step-function. The counting is then repeated by

selecting only the sources that do not have a neutrino correlation:

nCRw/o ν(i, θ) =
∑
CR

Θ

∑
γ∈Si

∑
ν

Θ (ψγ,ν − σν)Θ (θ−ψγ,CR)

 . (6.2)

A Test Statistic is then defined as a likelihood ratio test between the two hypothesis

Λ =
P
(
nCRw/ν(i, θ)

)
P
(
nCRw/o ν(i, θ)

) (6.3)

As done for the counterpart analysis with γ-ray sources and neutrinos, the results

of the test are trial corrected by using the distribution obtained from random scram-

blings of the sky, as described in Section 5.2.

6.4 Results

The results of the counterpart method with three messengers are presented here for

two different catalogs of γ-ray sources, in parallel to what has been done in Chapter

5. The two catalogs considered are the 3FHL and the 3HSP. As also described in

Chapter 5, objects lying closer than 10◦ to the Galactic Plane are removed to avoid

the influence of the galaxy in the determination of the characteristics of the sources.

A similar analysis [54] has been performed with smaller neutrino and UHECR data

samples on different γ-ray catalogs (2FHL, 2WHSP, 3LAC). These previous analysis

showed an intriguing hint of a correlation between sources of the HBL type and the

other two messengers. We follow this first hint here.
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6.4.1 3FHL catalog

Figure 6.1 presents the p-values obtained by the scan in flux applied to the differ-

ent population of sources of the 3FHL catalog, which are represented with different

colours. Figure 6.2 shows the p-values for the scans in the θ angle opening. Finally,

Figure 6.3 shows the results of the likelihood ratio test introduced inEq. 6.3. The final

trial corrected p-values obtained from the likelihood ratio test are reported in Table

6.1. A skymap showing both neutrinos correlating with γ-ray sources and UHECR

is showed in Figure 6.4 for the HBL objects of the catalog.

Source Class Λ p-value

All Sources 0.30
Blazar 0.25
HBL 0.10

Non-Blazar 0.27

Table 6.1: Summary of the counterpart analysis with threemessengers on the 3FHL catalog. The

analysis is p erformed separately on the different classes of sources, identified after themanual fit

ofν peak [121]. P-values are trial corrected for testingmultiple partitions of the catalog. Calcula-

tions are performed on sets of 5000 backgroud-like sky realization.

Cascades vs. Tracks

This section presents the the same results of the previous one, focusing on the dif-

ferences between events with cascade-like and track-like topology. Figure 6.5 and 6.7

presents the p-values of the scan in flux, and Figure 6.6 and 6.8 are the corresponding

values from the scan in θ angle for cascade-like and track-like events respectively. The

final trial corrected p-values obtained from the likelihood ratio test are reported in

Table 6.2.
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Figure 6.1: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan in flux is here

presented. A solid line represents the result obtained from the sources with a neutrino counter-

part, while a dotted line represents the result obtained from the sources without a counterpart.
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Figure 6.2: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan inθ is here pre-

sented. A solid line represents the result obtained from the sources with a neutrino counterpart,

while a dotted line represents the result obtained from the sources without a counterpart.
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Figure 6.3: Example of the likelihood ratio test results for the 3FHL catalog. The values for differ-

ent sources types are representedwith vertical coloured lines. The black line histogram represents

the distribution of background-like random trials.
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Figure 6.4: Skymap of 3FHL sources of HBL type positions (white and grey dots), neutrinos

(cascade-circles and tracks-crosses) and UHECRs arrival directions (color scale). The objects of

the 3FHL catalog belong to the catalog partition which provides themost significant p-value in the

scan. White dots represent sources with a neutrino counterpart. Only the neutrino events with aγ-

ray counterpart are illustrated. UHECRs from the northern and southern hemispheres are shown

with different color to highlight the origin from different experiments, the skymap is drawn using

theθ angle which provides themost significant p-value in the scan.

128



Source Class Λ p-value Λ p-value
Cascades Tracks

All Sources 0.71 0.09
Blazar 0.71 0.08
HBL 0.31 0.02

Non-Blazar 0.27 0.17

Table 6.2: Summary of the counterpart analysis with threemessengers on the 3FHL catalog per-

formed separately on track-like and cascade-like neutrino events. The analysis is performed sepa-

rately on the different classes of sources, identified after themanual fit ofν peak [121]. P-values

are trial corrected for testingmultiple partitions of the catalog. Calculations are performed on sets

of 5000 backgroud-like sky realization. Trial correction is applied.
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Figure 6.5: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan in flux is here

presented. A solid line represents the result obtained from the sources with a neutrino counter-

part, while a dotted line represents the result obtained from the sources without a counterpart.

Only neutrinos with a cascade-like topology are used.
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Figure 6.6: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan inθ is here pre-

sented. A solid line represents the result obtained from the sources with a neutrino counterpart,

while a dotted line represents the result obtained from the sources without a counterpart. Only

neutrinos with a cascade-like topology are used.
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Figure 6.7: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan in flux is here

presented. A solid line represents the result obtained from the sources with a neutrino counter-

part, while a dotted line represents the result obtained from the sources without a counterpart.

Only neutrinos with a track-like topology are used.
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Figure 6.8: P-values resulting from the counterpart methodwith threemessengers applied to

different populations of sources (different colors) from the 3FHL catalog. The scan inθ is here pre-

sented. A solid line represents the result obtained from the sources with a neutrino counterpart,

while a dotted line represents the result obtained from the sources without a counterpart. Only

neutrinos with a track-like topology are used.
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Discussion

As expected from the preliminary steps illustrated in Chapter 5, the results here pre-

sented show a decrease in significance from the similar analysis performed in [54] on

the 2FHL catalog. Nevertheless, the outcome confirms the hints of a correlation be-

tweenUHECR andγ-ray sources of theHBL type selected using the neutrino events

measured by IceCube. The significance of this correlation can be quantified with a

p-value of 0.10, from sources with Fγ(> 50GeV) ≤ 2.4−11ph cm−2s−1, and for

a θ = 8◦. When performing the analysis separately for track-like and cascade-like

events, it is interesting to notice that the first events from with track topology start

to correlate with the most faint sources, similarly to what showed in Chapter 5 for

the 3HSP catalog. In addition to the increase in statistics, this fact might explain why

track-like events were not correlating with the objects of the 2FHL catalog, which

have been selected at an higher luminosity. As discussed inChapter 5, in parallel to the

increase in significance from track-like events, the discriminating power of cascade-

like events seems to behave as expected and it starts to decrease when UHECR are

included in the analysis. An update in the analysis algorithm, possibly including a

form of neutrino-dependent weighting for the γ-ray objects selected by the neutri-

nos seems therefore necessary for the next iterations of the analysis. The effects of

the increase in statistics of the UHECR data seems to have minor effects. For the fu-

ture steps of the analysis, an update in the treatment of the θ angle of the events will

be possible only when more information about the single events, e.g. composition

studies, and about the effects of the extra-galactic and galactic magnetic fields will be

available.
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6.4.2 3HSP catalog

Figure 6.10presents thep-values obtainedby the scan in flux appliedboth to the 3HSP

Catalog as a whole, and only on the sources detected in the γ-ray band. Figure 6.11

shows the samep-values for the scan in theθ angle. Figure 6.12 shows the results of the

likelihood ratio test introduced in Eq. 6.3. The final trial corrected p-values obtained

from the likelihood ratio test are reported inTable 6.3 for all the sources of the catalog

and only for the sources with associated γ-ray detection. A skymap showing both

neutrinos correlating with γ-ray sources and UHECR is showed in Figure 6.9.

Source Type Λ p-value

All Sources 0.11
Sources w/ γ-ray 0.05

Table 6.3: Summary of the counterpart analysis with threemessengers on the 3FHL catalog. The

analysis is p erformed separately on the full catalog and only on sources withγ-ray detection.

Calculations are performed on sets of 5000 backgroud-like sky realization.

Cascades vs. Tracks

Amore in depth check of the differences between cascade-like and track-like events is

also performed for the 3HSP catalog. Figure 6.13 and 6.15 presents the p-values of the

scan in flux, and Figure 6.14 and 6.16 are the corresponding values from the scan in θ

angle for cascade-like and track-like events respectively. Additionally, the results of the

same analysis performed using track-like neutrino events with an angular uncertainty

increasedby 30%are reported inFigure 6.17 and6.18. The final trial correctedp-values

obtained from the likelihood ratio test are reported in Table 6.4
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Figure 6.9: Skymap of 3HSP sources positions (white and grey dots), neutrinos (cascade-circles

and tracks-crosses) and UHECRs arrival directions (color scale). The objects of the 3HSP catalog

belong to the catalog partition which provides themost significant p-value in the scan. White dots

represents sources with a neutrino counterpart, grey dots sources with no counterpart. Only the

neutrino events with aγ-ray counterpart are illustrated. UHECRs from the northern and southern

hemispheres are shownwith different color to highlight the origin from different experiments, the

skymap is drawn using theθ angle which provides themost significant p-value in the scan.
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Figure 6.10: P-values resulting from the counterpart methodwith threemessengers applied to the

3HSP catalog. The scan in FoM is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band.
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Figure 6.11: P-values resulting from the counterpart methodwith threemessengers applied to

the 3HSP catalog. The scan inθ is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band.
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Figure 6.12: Example of the likelihood ratio test results for the 3HSP catalog. The values for differ-

ent sources types are representedwith vertical coloured lines. The black line histogram represents

the distribution of background-like random trials. The red line represents the analysis performed

on the whole catalog, while the blue line only considers objects with have been detected in the

γ-ray band.
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Source Type Λ p-value Λ p-value Λ p-value
Cascades Tracks Tracks - Larger Uncertainty

All Sources 0.34 0.12 0.15
Sources w/ γ-ray 0.27 0.19 0.14

Table 6.4: Summary of the counterpart analysis with threemessengers on the 3FHL catalog. The

analysis is performed separately on the full catalog and only on sources withγ-ray detection.

Calculations are performed on sets of 5000 backgroud-like sky realization. Trial correction is

applied.
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Figure 6.13: P-values resulting from the counterpart methodwith threemessengers applied to the

3HSP catalog. The scan in FoM is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a cascade-like topology are used.

136



0 5 10 15 20 25 30
/

10 3

10 2

10 1

100

Ch
an

ce
 P

ro
ba

bi
lit

y

All Sources , FoM 0.50
Sources w/ -rays , FoM 0.50

w/ neutrino counterpart w/o neutrino counterpart

Figure 6.14: P-values resulting from the counterpart methodwith threemessengers applied to

the 3HSP catalog. The scan inθ is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a cascade-like topology are used.
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Figure 6.15: P-values resulting from the counterpart methodwith threemessengers applied to the

3HSP catalog. The scan in FoM is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a track-like topology are used.
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Figure 6.16: P-values resulting from the counterpart methodwith threemessengers applied to

the 3HSP catalog. The scan inθ is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a track-like topology are used.
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Figure 6.17: P-values resulting from the counterpart methodwith threemessengers applied to the

3HSP catalog. The scan in FoM is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a track-like topology are used and the angular uncertainty is increased by 30%.
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Figure 6.18: P-values resulting from the counterpart methodwith threemessengers applied to

the 3HSP catalog. The scan inθ is here presented. A solid line represents the result obtained from

the sources with a neutrino counterpart, while a dotted line represents the result obtained from

the sources without a counterpart. The red line represents the analysis performed on the whole

catalog, while the blue line only considers objects with have been detected in theγ-ray band. Only

neutrinos with a track-like topology are used and the angular uncertainty is increased by 30%.
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6.5 Discussion

The results of the analysis on the 3HSP catalog show a slight reduction in significance

when compared to the analysis performed on the 2WHSP catalog in [54]. A trial

corrected p-value of 0.05 is observed from sources with a FoM≤ 0.25 at a θ = 13◦.

Interestingly, the intuitive scenario in which the significance is higher for the objects

which have been observed in theγ-ray band is confirmed. The analysis performed on

track and cascade-like neutrino events separately provides less significant results when

compared to the complete neutrino sample, and of comparable significance between

the two topologies. Theonly difference is that track-like events correlate at the highest

significance with faint sources within in the first bin of the FoM scan (FoM≤ 0.03),

while cascade-like events correlate with objects approximately ten times more likely

to be detected in γ-rays (FoM≤ 0.5). This can also explain why the cascades give a

more significant correlation with sources already detected in the γ-ray band, while

tracks present a smaller p-value by using the whole 3HSP catalog. The exercise of

increasing theneutrino angular uncertainty provides the interesting result of selecting

objects with FoM≤ 2.0, where there is no difference between the two partitions of

the catalog. The number of objects at this FoM is very low, providing a low level

significance as a final result.
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7
AGN Outflows as Neutrino sources

The first quantitative test aimed at connecting astrophysical neutrinos from the Ice-

Cube experiment andAGNoutflows is presented in this chapter. The statistical anal-

ysis relies on themethoddescribed in chapter 5. The process of selection of the objects

charachterised asAGNoutflows is presented in the next sections, togetherwith the re-

sults of the test and anoutlook for future analyses. Thework described in this chapter

has been done in collaboration with P. Padovani and E. Resconi and has been pub-

lished in P. Padovani, A. Turcati, and E. Resconi. AGN outflows as neutrino sources:

an observational test. Monthly Notices of the Royal Astronomical Society, 477(3):3469–

3479, 2018[116].
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7.1 AGN Outflow catalogs

Twodifferent sets of objects presenting evidence ofAGNoutlflowshave been selected

for the analysis. Each one of the two sets presents unique features, allowing to per-

form two different tests in a complementary way.

7.1.1 The AGN outflow list

In order to study the scaling relations between AGN, the host galaxy an the outflows,

the authors of [72] created the first list of objects with outflow detection. From lit-

erature, they put together a list of 94 AGN with confirmed massive outflows obser-

vations, for which there is an estimate on the physical size of the high velocity gas

in the wind. The sample suffers from strong selection biases, different for various

types of outflows, and it is by no mean complete, not qualifying to be called a cata-

log. Among these effect, molecular winds and ultrafast outflows (UFOs) can only be

studied at z ≲ 0.2, ionised winds are found both at low-redshift and at z ∼ 2 − 3,

while broad absorption line (BAL) sources are at z ∼ 2− 3. This list is not complete

enough to permit robust statistical studies, but it can be complemented by the SDSS

catalog presented in the next subsection.

7.1.2 The SDSS catalog

This catalog consists of a total of 23,264AGN at z < 0.4 selected from the SloanDig-

ital Sky Survey (SDSS) DR7 database [133]. For each object the [O iii] λ5007 line

profiles have been measured, which can be used to determine the kinematic proper-

ties of the emittng gas. Using the available data, the [O iii]λ5007 flux-weighted aver-

age full width half-maximum (FWHMAvg) has been calculated using the following

expression:
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FWHMAvg =
√

(FWHMbroad Fbroad)2 + (FWHMnarr Fnarr)2, (7.1)

where Fbroad and Fnarr are the fractional fluxes contained within the two fitted

Gaussian components of the [O iii]λ5007 line, a broad andanarrowone. AFWHMAvg >

500 km s−1 is the standard lower limit used for the selection of follow-up targets for

spectroscopic studies of AGN outflows [134]. A fraction of 17% of the sources of the

SDSS catalog has a FWHMAvg above this value, providing a large statistical sample

ofAGNwith possible outflows. To confirm this claim, the authors of [134] presented

integral field units observations of 16 objects with high FWHMAvg belonging to the

SDSS catalog, showing the presence of high-velocity outflows in all of them. Power

provides another good proxy for the presence of outflows, we therefore also use the

observed L[OIII] in [133] for the statistical study. Figure 7.1 shows the distribution of

the objects of the catalog in luminosity vs. FWHMAvg.

7.2 Statistical Method

The process of finding a counterpart for the IceCube neutrinos does not change if the

putative sources are switched from blazars to AGN outflows. The statistical method

developed in Section 5.2 canbeusedwith the two source lists identified in theprevious

Section. Only a minimal change is necessary to accomodate the SDSS catalog: as

previously discussed, the random scrambling of the neutrino right ascension values

does not conserve the total area sampled by their uncertainty. If the source survey is

not uniform in the sky, in order to avoid a bias, the overlapping area identified by the

neutrino angular uncertainty and the portion of the sky covered by the survey must

be conserved in each random realisation. Given the irregular shape in the sky of the
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Figure 7.1: Distribution of the AGN of the SDSS catalog inL[OIII] (x-axis) versus FWHMAvg

(y-axis). The one dimensional histograms show the cumulative distribution of the objects of the

catalog in the single variable: L[OIII] at the top, FWHMAvg on the right.

SDSS catalog, it is not possible to fulfill this requirement neither by randomising the

neutrinos in right ascension, nor by scrambling the objects of the catalog. The goal

can indeed be achieved by randomising the SDSS coordinates inside the portion of

the sky covered by the survey. This area has been approximated with a mask by using

an HEALPix sky pixelisation with a total of 49152 pixels, each covering 0.84 square

degrees. The neutrino sample is the same one identified in Section 5.3.

7.3 Results

By cross-correlating the IceCube neutrinos with the list of confirmed AGNoutflows,

one ormultiple counterparts where identified for 15 of the events, all of cascade topol-
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ogy. The selected objects are 35AGN, a detailed discussion of the objects can be found

in [116]. Figure 7.2 shows the position of the AGN on the list on a skymap (blue circ-

less), togetherwith the IceCubeneutrinos. The angular uncertainty for eachneutrino

event is represented by a circular line, black for the correlating events and grey for the

non-correlating ones.
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Figure 7.2: Skymap in equatorial coordinates. Blue circles indicate the position of the AGNwith

outflows from [72]. IceCubes events are represented as circles with radius equal to the angular

uncertainty. Black circles indicate neutrinos with a counterpart, grey circles neutrinos without

counterparts.

Asdiscussed in Section 7.1.1, it is not possible to extract ameaningful statistical eval-

uation of the significance from this list of AGN, it is nevertheless interesting to study

the characteristics of the selected objects in comparison to the non-correlated ones.

Figure 7.3 shows the distribution of the kinetic power ( 1
2
ṀOFv

2
max, where vmax is

the maximum velocity of the outflow) for AGN outflows. The solid line indicates
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objects with a neutrino counterpart, while the dashed line is used for the ones with-

out counterparts. The two distributions are significantly different [116]. The AGN

outflows with IceCube counterparts show an ĖKin larger by a factor of 7 than the

corresponding value for objects without neutrino counterparts.
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Figure 7.3: Distribution of the kinetic power for objects in the AGN outflows. The solid line in-

dicates objects with a neutrino counterpart, while the dashed line is used for the ones without

counterparts.

In a similar way, Figure 7.4 shows the distribution of ṀOF for outflows objects

with a neutrino counterpart (solid line) and without (dashed line). The two distribu-

tions are again significantly different [116], showing another factor 7 separating the

two. Finally, the AGN bolometric power distribution for AGN outflows with and

without IceCube counterparts showonly aminor difference. Objectswith a neutrino

counterparts have a bolometric power larger by a factor of 4 with respect to objects

with no counterpart.

This interesting result has been followed up by applying the formal statistical test
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Figure 7.4: Distribution of themass outflow rate for objects in the AGN outflows list. The solid line

indicates objects with a neutrino counterpart, while the dashed line is used for the ones without

counterparts.

described in Section 5.2 on the SDSS catalog. A p-value is calculated for each of the

bins FWHMAvg,i (L[OIII],i), for a total of 8 (11) p-values. A trial correction is applied

when reporting only the most significant p-value. Figure 7.5 shows the position on

a skymap of the objects in the SDSS catalog (red dots) together with the neutrino

events. The angular uncertainty for each neutrino event is represented by a circular

line, black for the correlating events and grey for the non-correlating ones. IceCube

events with large angular uncertainy, mostly of cascade topology, will almost always

identify a counterpart due to the large density of the SDSS sources, even when the

sample size is reducedwith cuts. It is therefore very hard to obtain evidence of a signal

from this topology.

Figure 7.6 shows the chance probability of association with IceCube neutrinos for

the SDSS catalog. The catalog has been partitioned in FWHMAvg. A p-value ∼ 17%
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Figure 7.5: Skymap in equatorial coordinates. Red dots indicate the position of the objects of

the SDSS catalog. IceCubes events are represented as circles with radius equal to the angular

uncertainty. Black circles indicate neutrinos with a counterpart, grey circles neutrinos without

counterparts.

is calculated for FWHMAvg ≳ 800 km s−1 for track-like events. After trial correc-

tion it corresponds to∼ 48%. Ap-value∼ 30% is observed for FWHMAvg ≳ 2, 000

km s−1 for cascade-like events. After trial correction it corresponds to ∼ 60%. As dis-

cussed above, an evidence for signal is not expected in the cascade channel due to the

large density of SDSS sources. Strong fluctuations in the p-values are nevertheless

expected at large velocities due to the small statistics of the catalog partition. The

partition that shows the highest significance presents 9 observed neutrino-source cor-

respondence, while the expected number from random trials is 6.9. Since the total

number of neutrinos inside the survey area is 33, this implies a contribution to the

IceCube signal from AGN outflows at the 6% level.
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Figure 7.6: Chance probability of association of SDSS AGN for objects having FWHMAvg larger

than the value on the x-axis. The complete sample of IceCube events is representedwith a solid

orange line, events with cascade topology with a dashed red line, and track-like events with a

dotted blue line. The numbers give the observed number of counterparts (above the points) and

the same value expected from random trials (below the points). A p-value∼ 17 per cent is reached

for FWHMAvg ≳ 800 km s−1 for tracks.

Figure 7.7 shows the chance probability of association with IceCube neutrinos for

the SDSS catalog. The catalog has been partitioned in L[OIII]. A p-value of ∼ 37% is

calculated for log L[OIII] ≳ 40 erg s−1 for track-like events. After trial correction it

corresponds to ∼ 48%. A p-value ∼ 72% is observed for log L[OIII] ≳ 42.5 erg s−1

for cascade-like events. After trial correction it corresponds to ∼ 91%.

7.4 Discussion

The first intriguing result of the test is that AGN with an observed outflow which

are associated with IceCube neutrinos have larger Ėkin, ṀOF and bolometric power

with respect to objects without a neutrino counterpart. This is physically explainable
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Figure 7.7: Chance probability of association of SDSS AGN for objects havingL[OIII] larger than

the value on the x-axis. The complete sample of IceCube events is representedwith a solid orange

line, events with cascade topology with a dashed red line, and track-like events with a dotted blue

line. The numbers give the observed number of counterparts (above the points) and the same

value expected from random trials (below the points). A p-value∼ 37 per cent is reached for
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by the fact that AGNwith a larger outflow, kinetic energy rate and bolometric power

are more likely to be stronger neutrino emitters [76, 78, 79].

The statistical analysis performed on the SDSS catalog does not provide additional

evidence of an association between IceCube neutrinos and AGN outflows. Never-

theless, the outcome of the analysis is interesting. Infact, the value of FWHMAvg at

which the highest significance is observed is above the standard limit used to select tar-

gets for follow-up studies of AGNoutflows. Since only a small fraction of the objects

in the SDSS catalog has a confirmed outflow, this can also partly explain the absence

of a significant result.

Themost likely implication of the test is thatAGNoutflows are not relevant in the
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explanation of the origin of astrophysical neutrinos. However, the results can also be

explained with a lack of statistics both on the neutrino and on the source samples.

AGN outflows may be a very faint type of neutrino source, making them very hard

to be revealed as a point source, but still contributing to the total diffuse astrophysical

flux. In this framework, this results donot support a scenario inwhichAGNoutflows

explain the full IceCube signal [76, 78], but they are still compatible with a smaller

contribution [79].
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8
Conclusion

From the discovery of the astrophysical diffuse neutrino flux to the very recent obser-

vationof a flaringblazar in coincidencewith an extremely-high-energyneutrino event,

the interest of the scientific community in using different messengers to broaden our

picture of the Universe has been steadily increasing. The role of the neutrino particle

in the field of multimessenger astronomy has become central in the quest of discover-

ing the sources of cosmic rays and understanding their underlying physical processes.

The inclusion of different particles brings multiple and different challenges together

with the excitement for the potential of this new-born physical field.

The first step of this thesis consisted in a single-messenger analysis, using neutrinos in

order to find small scale anisotropies in the extragalactic and galactic sky. The results

have been negative so far, producing stringent limits for steady sourceswith anunbro-
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ken power-law energy spectrum. These results can be interpreted as an opportunity

to broaden the horizon of the searches and consider the inclusion of a second mes-

senger: γ-rays, in order to focus the investigation on objects that are already known

emitters of high-energy particles. A first update on an analysis technique looking

for counterparts of IceCube neutrinos among Fermi-LAT selected sources was pre-

sented in this thesis. The focus has been put into high-synchrotron-peaked blazars of

the BL-Lac type. The inclusion of new statistic both in the neutrino and in theγ-ray

data produced a reduction in the significance when compared to the previous tests

performed on similar catalogs of sources. While identifying features of the analysis

method that need to be addressed in a future iteration with increased neutrino statis-

tics, themost likely cause of the diminished significancewas identified in the neutrino

data. Nevertheless, hints of the presence of many interesting objects in the proximity

of neutrino events with good angular reconstruction are confirmed through a statisti-

cal test. This test also opens to thepossibility that the angular uncertainty of track-like

neutrino events is slightly underestimated. In a further step, UHECRs are added to

the neutrinos and γ-ray sources in an updated three-messengers analysis. Additional

statistics on the cosmic ray data did not change the behaviour already observed in the

previous step of the analysis: a moderate reduction of the significance of the correla-

tion between neutrino-selected high-synchrotron-peaked blazars of the BL-Lac type.

This serie of results should not be interpreted as a proof of the absence of correlation

between the origin of the three messengers, but as a confirmation that both the data

description and the analysis algorithmhave to be improved in order to provide defini-

tive results. Different points of the analysis chain have been identified, which can lead

to a positive development:

• The neutrino data can be improved by the IceCube collaboration by publicly

releasing eventswith uniform reconstructions and amore detailed description
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of the angular uncertainties.

• The detailed study of specific γ-ray objects is very important to understand

the characteristics of the sources that show an evidence of correlation between

different messengers. Very bright γ-ray objects are not mandatory bright neu-

trino or UHECR emitters, thus the ideal catalog to study correlations does

not exist yet.

• A better description of UHECR deflection during propagation and a more

precise measurement of their composition can directly improve the statistical

power of the counterpart method by making the angular scan unnecessary.

• The counterpart method itself can be improved by the development of ded-

icated scheme to weight the sources selected by the neutrino. The number

of neutrinos selecting an object, the energy of these neutrinos, and finally the

distance of their reconstructed coordinates from the position of the source as

a function of the neutrino angular uncertainty can all contribute to creating

a better filter. Numerous tests are nevertheless needed to identify the correct

way to include this information in an unbiased way.

The final Chapter of the thesis shows the application of the same revised methods

used thus far in order to experimentally test a new possible population of multimes-

senger emitters: AGN with ultrarelativistic outflows. This test was applied here for

the first time both on a bona fide list of objects withmeasured outflows and on a cata-

log of objects with a very high likelihood of presenting an outflow. The results are in

agreement with the most recent and stringent theoretical models and suggest that a

followupwith a standard stacked point-like source analysismight provide very strong

limits on the model.
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