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Multi-Messenger studies with the IceCube Detector
by Asen Christov

The IceCube detector was completed in 2011 and consists of a cubic kilometer of
ice instrumented with light detectors. In this work, the data measured by IceCube in
the period from 2009 to 2014 are used to search for the origin of astrophysical neutrinos
and the possible correlation with the origin of high energy

γ -rays

or ultra-high-energy

cosmic rays (UHECR). The arrival times of the events in a sample of well reconstructed
tracks is used in a time dependent likelihood analysis.
Exploiting the timing information enhances the analysis sensitivity for variable
sources. Three time dependent searches were performed: An untriggered all sky scan
looking for clustering of events simultaneously in time and direction; a triggered multimessenger search looking for neutrino emissions correlated with the Fermi-LAT candidate sources' aring behavior; and a search triggered by

γ -ray

observations in the TeV

energy range. None of those searches found a statistically signicant excess.
Also in the spirit of multi-messenger campaigns, the possible correlation between the
arrival directions of the highest energy neutrinos and UHECR was analyzed. In this case
times are not expected to be correlated and direction correlation is aected by the charge
of cosmic rays. The magnetic deections of the cosmic rays were taken into account in
an energy dependent manner. The result of the analysis is a more than 3σ deviation
from a background hypothesis using an isotropic distribution of UHECR. There is a
known, low signicance clustering of UHECR which this background hypothesis does
not account for. Alternatively, an a-posteriori check using a background hypothesis with
an isotropic neutrino distribution yields a 3σ deviation. This result is not signicant
enough for strong claims, but repeating the analysis with larger samples will be of
interest.
The development of new observatories is crucial to advance the multi-messenger
approach to astrophysics. The commissioning of light concentrators for the Cherenkov
Telescope Array is presented in the last chapter as contribution to the development.
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Etudes multi-messagers avec le détecteur IceCube
par Asen Christov

Le détecteur IceCube, se compose d'un kilomètre cube de glace instrumentée à l'aide
de détecteurs de lumière. Dans ce travail, les données collectées par le détecteur IceCube de 2009 à 2014 sont mises à prot pour la recherche de l'origine des neutrinos
astrophysiques et des possibles corrélations avec l'origine des rayons gammas de haute
énergie ou des rayons cosmiques de très haute énergie (UHECR). Les temps d'arrivée
des événements pris dans un échantillon de traces correctement reconstruites sont utilisés dans les analyses de vraisemblance dépendantes du temps. Exploiter l'information
temporelle améliore la sensibilité de l'analyse des sources variables. Trois études dépendantes du temps ont été réalisées. La première porte sur une observation non sélective
du ciel à la recherche de regroupements temporels et directionnels. La deuxième se base
sur la sélection d'événements multi-messagers pour la recherche des émissions de neutrinos corrélées aux détections par Fermi-LAT du comportement des sources brillantes
actives. Finalement, la troisième étude porte sur des observations déclenchées par la
détection de rayons gammas dans la gamme d'énergie du TeV. Aucune de ces études
n'a aboutie à un excès statistiquement signicatif.
La corrélation possible entre la direction de provenance des neutrinos de plus haute
énergie et des UHECR a été analysée. Les déexions magnétiques de la propagation des
rayons cosmiques ont été prises en compte avec une approche dépendante de l'énergie.
Le résultat de l'analyse montre une déviation supérieure à 3 sigmas par rapport au
bruit de fond basé sur l'hypothèse d'une distribution isotropique des UHECR. Bien que
connus, les regroupements d'UHECR ne sont pas pris en compte par cette hypothèse
car peu signicatifs.
Alternativement, une vérication a-posteriori utilisant comme hypothèse une distribution de bruit de fond isotropique de neutrinos mène à une déviation de 3 sigmas. Ce
résultat n'est pas assez signicatif pour tirer des conclusions fortes, mais la répétition
de cette analyse sur des échantillons plus important pourrait être intéressante.
Le développement de nouveaux observatoires est crucial à l'avancement d'une approche multi-messagers en astrophysique.

An de contribuer à ce développement, la

caractérisation de guides de lumière pour le projet Cherenkov Telescope Array est aussi
présentée.
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Chapter 1

Multi-messenger high-energy
astrophysics

The steady progress of modern astrophysics explores new territories in three directions:
extending the accessible energy ranges for the observations, improving the spatial and
spectral resolutions and making observations using various particle types or more generally various messengers. The true opportunity then lies in combining the information
into multi-messenger studies.
The classical domain of astronomy and astrophysics is observations with electromagnetic radiation, spanning from the lowest frequencies used by radio astronomy (10 MHz

1 THz) and the Cosmic Microwave Background (CMB) satellite observations by
Planck (30 GHz to 857 GHz)[1] and earlier WMAP and COBE. Then the infrared, visible, ultraviolet and X-ray band follow. For this work the most relevant are the γ -rays at
to

the high energy side of the spectrum. They are one of the recent additions, this frontier
still being pushed with new projects as CTA which could reach up to

100 TeV[2].

The second longest studied messengers are the cosmic rays (CR), discovered between
1911 and 1913 by Victor F. Hess.

These are massive high-energy particles, mostly

hadrons, arriving at the top of the atmosphere.

The energy spectrum spans twelve

20
orders of magnitude in energy, reaching above 10 eV. An essential question is where
is the origin of these particles?. The search for the sources of CRs has been prominent
topic for decades. Nevertheless, a denitive answer has not been reached yet. There are
well motivated candidates (such as supernova remnants, gamma-ray bursts, and active
galactic nuclei) but no prove that they are really the acceleration sites of CRs has been
found. The main diculty comes from the fact that the CRs do not point back to their
origin. Deections in extragalactic and mainly galactic magnetic elds are responsible
for making the arrival directions practically isotropic. Only at the highest energies the
particles magnetic rigidity is large enough for them to maintain their general direction.
The challenges of the modern multi-messenger astronomy are summarized in the
diagram in Fig. 1.1. The production of CRs is accompanied by emission of

γ -rays

and

neutrinos.
The

γ -rays

can certainly be of help for solving the mystery of the cosmic ray origin.

They are among the secondaries produced in interactions of the CR in the vicinity of the
sources. An advantage compared to the CRs is that they are not deected in magnetic

2
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Figure 1.1: The challenges of the modern multi-messenger astronomy. Cosmic rays are
absorbed and deected in magnetic elds on their way to earth, making it dicult to
identify their sources. The

γ -rays

point back to their origin, but can be absorbed. Also

they are not produced uniquely in processes related to hadron acceleration. Neutrinos
are neither absorbed nor deected and they are the smoking gun for high-energy hadron
interactions. For this type of messenger the diculty is their detection - a task for large
scale neutrino observatories like IceCube.

elds. Nevertheless, their contribution to solving the CR puzzle is limited. The

γ -rays

are also produced in purely leptonic processes. Unless it can be proved that they are a
result of neutral pion decays they are not a proof of hadron acceleration. The

γ -rays

hadronic origin can be evaluated based on the spectral features, but this is limited to
few individual cases which we will mention in this chapter. Another issue for the

γ -rays

is absorption. The eect is energy dependent and can limit how far the universe can be
probed with

γ -rays.

The key messenger for this work are the high-energy neutrinos. They are among the
CR interaction secondaries and compared to

γ -rays

or CRs, they have important ad-

vantages for identifying their common sources. Neutrinos are not deected by magnetic
elds - they point back to their origin.

Due to their small cross-section they practi-

cally do not interact on their way to Earth - there is no observational horizon due to

1.1. Cosmic rays

3

absorption for neutrinos. Moreover, high-energy neutrinos are not produced in leptonic
processes - identifying a point source would be a prove of hadronic acceleration.

All

these reasons make the neutrinos a promising ingredient for multi-messenger searches.
The virtue of the multi-messenger approach lies in combining the information from
all particle species. By doing so the eects of the individual weaknesses can be minimized while exploiting the advantages of the dierent messengers.
correlation between

γ -rays

For instance, if

and neutrinos is found, the hadronic origin of both is un-

equivocally established. Another way to make use of the combined information is to
explore the possibility of triggered searches; measurement with one kind of messenger
dening the time window for a search with another. Not to forget is the advantage of
increased signicance in combined searches - individually the samples might not produce signicant results, but the increased statistics of the combined samples can yield
an interesting result. The ultra-high-energy cosmic ray correlation study with neutrinos
is an example of such analysis.

1.1 Cosmic rays
1.1.1

The spectrum

The cosmic ray (CR) spectrum for hadrons, shown in Fig. 1.2, spans more than ten
orders of magnitude in energy and 33 orders in ux [35]. At very low energies (smaller
than

1 GeV/nucleon),

the spectrum is limited and modulated as the Sun magnetic eld

prevents charged particles from reaching the Earth's vicinity. For energies higher than
that, the spectrum is steeply falling and approximately following a power law with a
spectral index

γ = −2.7.

Up to energies of

1012 eV,

the spectrum is measured by direct

detection of the CRs with detectors carried by balloons or spacecrafts. Above

1012 eV,

the particle ux becomes too low for the direct detection experiments to measure due
to their limited eective area and livetime. Hence, ground based experiments take over
measuring the extensive air showers caused by the CRs.
Fig. 1.3 shows the higher energy range of the spectrum multiplied by
the more subtle changes of the power law behavior.
apparent.
knee.

Few notable features become

3 × 1015 eV, at the so
γ = −2.66 to −2.7, and

There is a change of the power law index at

Below the knee the spectral index is around

the knee it becomes softer,

γ = −3.1

called
above

[4]. A so called second knee is visible at energies

4 × 1018 eV, at the so
called ankle, the spectrum attens again, corresponding to a spectral index of γ = −2.63
19
19
to −2.67, and nally above 4.2 × 10 eV to 5.4 × 10 eV it falls steeply [68].

around

1017 eV

E 2.6 to magnify

where the spectrum steepens slightly.

Around

It is generally believed that the change of the spectral index at the knee is related

to the end of the galactic population of CRs while the attening at the ankle is due to
the emergence of extragalactic CRs. One reason for such transition would be that as

4
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Figure 1.2: The all-particle dierential energy spectrum of CRs (from S. Swordy, updated by W. Hanlon). The arrows and values between parentheses indicate the integrated ux above the corresponding energies. The green dashed line indicates a constant
power law for comparison.

the magnetic rigidity increases with the energy the galactic magnetic elds are not able
to keep the CRs within the Galaxy. In such case, the heavier components of the CRs
will have higher energy knees proportional to the charge Z. The observations at these
energies are performed by the air shower methods for which, unfortunately, measurement of the composition is very dicult. Nevertheless, the ground-based KASCADE
and KASCADE-Grande arrays results suggest there is dependency of the knee position
on the composition as expected from the magnetic rigidity argument [10].

Another

reason for the change of the spectral index could be that the knee corresponds to the
maximum energy to which galactic sources can accelerate CRs, assuming those sources
are SuperNova Remnants (SNRs).

The knee is possibly a consequence of both these

eects [11].
The second knee in the spectrum is speculated to originate from a second galactic
population with higher acceleration eciency and so higher energy cut-o or it could

1.1. Cosmic rays

5

Knee

104
2nd Knee

103

E 2.6 F(E) [GeV

1.6

m-2 s-1 sr -1]

Grigorov

102

JACEE
MGU
Tien-Shan
Tibet07
Akeno
CASA-MIA
HEGRA
Fly’s Eye

Ankle

Kascade
Kascade Grande
IceTop-73

10

1
13
10

HiRes 1
HiRes 2
Telescope Array
Auger

1014

15

10

10

16

10

17

18

10

10

19

20

10

E [eV]

Figure 1.3: The high energy all-particle CR spectrum as a function of the energy-pernucleus [9]. The spectrum is multiplied by a factor

E 2.6

in order to make the spectral

features visible, namely the knee the 2nd knee and the ankle.

be an iron knee, i.e. a heavier component of the galactic CRs [12, 13].
There are few models of the transition from galactic to extragalactic CRs yielding
dierent values for the energy at which the transition happens and also predicting
dierent composition for the highest part of the CR spectrum. For the classical ankle
model [14], there is still a signicant contribution from galactic CRs up to

1019 eV

after

which the extragalactic component takes over and the composition changes to proton
dominated. The more recent dip model [15] places the transition at

1018 eV

and tries

to explain in detail the spectral features around the ankle. The rst feature being the
dip (around
losing energy

1018 eV to 4 × 1019 eV)
+ −
in e e pair production.

due to protons interacting with the CMB and
The presence of the dip is taken as an evidence

of the CR spectrum to be proton dominated already in this energy range.

Another

aspect is the GreisenZatsepinKuzmin (GZK) limit. Currently, the experimental data
have insucient statistics to decide whether the UHECR cuto is due to the GZK or
due to the source exhaustion.

6
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1.1.2

Ultra-high-energy cosmic ray interaction with the cosmic microwave background, the GreisenZatsepinKuzmin limit

The cosmic microwave background, i.e. the relic radiation from early after the Big Bang,
has perfect black body spectrum with a temperature of

2.75 K.

The CMB photons

become targets for CRs interactions if the CR energy is suciently high.
The process with the lower threshold of

p+

e+

most

+
10−3

e− .

1018 eV

is the pair production

p+γ →

The fraction of the proton energy carried away in this process is at

[15].

The second process with threshold energy of about

+
a ∆ resonance [16, 17]:

5 × 1019 eV

is the production of

p + γ → ∆+ → p + π 0

(1.1)

→ n + π+

As the

∆+

resonance ultimately produces protons, the process eectively shifts the

protons to lower energy. About 10% of the protons' energy is lost in the process which
means that in few such interactions the energy will drop below the threshold and the
protons accumulate just below
creating a bump [15].

4 × 1019 eV

signicantly attening the spectrum or even

Above the threshold, UHECRs cannot arrive at Earth unless if the source is nearby.
This is a consequence of the

∆+

production, and is known as the GZK cuto. Fig. 1.4

shows the relation between the UHECR energy and the distance they can travel.
Above

1020 eV

the maximum distance they can travel is about

10 MPc

to

20 MPc.

Below this energy the possible travel distance before losing energy increases.

1.1.3

Acceleration

At the early stages of the search for the origin of CRs it was thought that they were
of solar origin and magnetic elds kept them conned within the vicinity of the solar
system [18].

The argument behind this view was that if CRs extended to the whole

galaxy or beyond, the amount of energy stored in them would be enormous, requiring
some kind of very ecient acceleration mechanism; nonetheless, no such mechanism
was known at the time. The picture changed when what we refer to as the secondorder Fermi acceleration mechanism was proposed [19] by E. Fermi in 1949.

This

mechanism is still not ecient enough to accelerate CRs to the highest observed energies, but it paved the way for the development of models of more ecient acceleration,
i.e.

the diuse shock acceleration also known as the rst-order Fermi acceleration

mechanism.

1.1. Cosmic rays

Figure 1.4:

7

The relation between the energy and the maximum travel distance for

γ -rays. For the UHECR above 1020 eV, the limit is at about 10 MPc to
20 MPc set by the ∆+ resonance production. The eect of the pair production is visible
19
3
at 10 eV and 10 Mpc. For comparison, the reach of γ -rays is shown, the limiting
UHECR and

factor for them being pair production on the CMB or infrared photons. Plot from P.
Gorham.

1.1.3.1 Second-order Fermi acceleration mechanism
Acceleration of CRs in this regime is based on their interaction with moving magnetic
clouds in the interstellar space [5, 20, 21].

The clouds are assumed to be moving

relatively slowly, much below relativistic speeds, and to be very massive. Therefore, the
CRs do not change the cloud speed.
If a particle with relativistic speed enters a cloud moving at speed

V , it will randomly

scatter on the magnetic elds inside and its direction will get isotropic in the cloud
reference frame.

In case the particle encounters the cloud head on, and if after the

random scattering is reected back, the particle will gain energy. In case of a trailing
collision, it can lose energy. A simplied sketch of the situation is shown in Fig. 1.5.

8
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Figure 1.5: Cosmic ray colliding with a moving magnetic cloud, scattering on the random magnetic elds inside and exiting with changed energy and momentum.

The initial energy of the particle,

E1 ,

expressed in the cloud's reference frame is,

E10 = γV E1 (1 − β cos ϑ1 ),
where

γV

(1.2)

is the Lorentz factor corresponding to the cloud's velocity

particle energy in the observers frame,

β = V /c,

and

ϑ1

V , E1

is the initial

is the angle between the

particle and the cloud velocities in the observers frame. Similarly, for the exit variables

0

transformed from the cloud's frame (E2 ) to the observer's frame (E2 ):

E2 = γV E20 (1 + β cos ϑ02 ),
where

ϑ02

(1.3)

is the angle between the particle and the cloud velocities in the cloud frame.

Under the assumption that the particle is only deected in the magnetic elds but loses
no energy in collisions, i.e.
relative energy change

ξ=

ξ

E10 = E20 ,

we can eliminate

E20

form the equations.

The

is then:

E2 − E1
1 − β cos ϑ1 + β cos ϑ02 − β 2 cos ϑ1 cos ϑ02
=
− 1.
E1
1 − β2

(1.4)

The interesting quantity in this process of stochastic acceleration is the average
energy change. To derive it, we rst calculate the averages of

cos ϑ1

and

cos ϑ02 .

Since

we work under the assumption that the CRs become isotropic in the cloud's frame after
the scattering of the magnetic elds, the average

hcos ϑ02 i = 0.

The probability

P

of a

particle encounter with a moving cloud is proportional to:

P ∝ v − V cos ϑ1 ,

(1.5)
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where for the particle velocity
probability

P

v

we can take the limit

as:

v→c

and rewrite the collision

P ∝ 1 − β cos ϑ1 ,
where

β = V /c.

Thus, the average of

cos ϑ01

(1.6)

is:

R

cos ϑ1 P dΩ
R
P dΩ
Rπ
2π 0 cos ϑ1 (1 − β cos ϑ1 )sinϑ1 dϑ1
Rπ
=
2π 0 (1 − β cos ϑ1 )sinϑ1 dϑ1
1
= − β.
3

hcos ϑ1 i =

Using this result and
collision

hξi:

hcos ϑ02 i = 0
hξi =

(1.7)

in Eq. 1.4 we obtain average energy gain per

1 + β 2 /3
4
− 1 ' β2.
2
1−β
3

(1.8)

The resulting dierent energy spectrum can be derived from the expression for the
energy of a particle

En

after scattering n time of the magnetic clouds:

En = E0 (1 + hξi)n ,
where

E0

(1.9)

is the original energy of the particle. After each encounter with a cloud the

particle can escape the acceleration region (in this case the galaxy) with a probability

Pesc .

Thus, the fraction of particles with energy higher than

En

to the original number

of particles is given by:

∞
X
N
1
=
(1 − Pesc )m =
(1 − Pesc )n .
N0 m=n
Pesc

(1.10)

Using Eq. 1.9 to express n as:

log
n=



En
E0



log(1 + hξi)

,

(1.11)

and substituting into Eq. 1.10 we obtain:

N
1
=
N0
Pesc
where



En
E0

γ 0
,

(1.12)
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γ0 =

log(1 − Pesc )
Pesc
≈−
.
log(1 + hξi)
hξi

(1.13)

Finally, the dierential spectrum is obtained dierentiating Eq. 1.12:

dN
= const. ×
dE



En
E0

γ 0 −1
.

(1.14)

Therefore, the second-order Fermi acceleration mechanism leads to a power law differential energy spectrum. Nevertheless, the spectral index

γ = γ 0 − 1 is not guaranteed

to be -2 and it depends on the velocity of the moving magnetic clouds.

The energy

gain per collision is proportional to the square of the magnetic cloud velocity, a small
number of the order of

β 2 ∼ 10−7 .

Moreover, if we follow the original Fermi model, i.e.

particles scattering among the magnetic clouds in the galaxy before escaping, the mean
free path would be of the order of 0.1 - 1 pc with only few collisions per year leading
to rather inecient and slow energy gain.

1.1.3.2 First-order Fermi acceleration mechanism
First-order Fermi acceleration, also called diuse shock acceleration, is a mechanism
providing stochastic energy gain to charged particles as they repeatedly cross the shock
front of a supersonic shock in a collision-less plasma. The energy gain per crossing is
proportional to the shock speed and the spectral index turns out to be close to

γ = −2.

For these reasons, the diuse shock acceleration is considered a plausible candidate for
the CR acceleration.
The requirement for the medium in which the shock propagates to be collision-less is
crucial. In collision-dominated plasma, a particle which happens to have higher energy
than average, would transfer this energy due to inelastic collisions to particles of lower
energy. In such a scenario, a persistent energy gain is not possible. In a collision-less
plasma the particles can still be deected via an interaction with the turbulent magnetic
but this interaction is practically elastic. Therefore, as long as the collision free mean
path is much longer than the path needed for the particle to return back to the shock,
the particle can eciently gain energy compared to how much is dissipated.
Another key ingredient, as the name suggests, is the presence of a supersonic
collision-less shock. Such shocks are not uncommon in astrophysics. They have been
observed and measured by satellites at various locations in the heliosphere [22, 23].
Shocks in our solar system are useful as a source of information about collision-less
shock properties and possible particle acceleration, but they cannot be responsible for
the high energy CR spectrum.
acceleration to energies above

For the shocks that could be responsible for the CR

1010 eV,

we have to look elsewhere.

There is solid evidence for shocks with high Mach number in supernova remnants
(SNRs).

A forward shock propagates outwards as the blast wave sweeps trough the
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interstellar medium (ISM), leaving behind a shocked ISM [24, 25]. The so called reverse shock propagates inwards into the un-shocked ejecta, creating a region of shocked
ejecta outside [26, 27].
The Active Galactic Nuclei (AGNs) and their jets which can carry large fractions of
the accretion energy are very violent environments [28]. The jet speed can reach

0.999c

as it propagates into the ISM. The so called external shocks are created as a result of
the pressure dierence of the jet and the ISM. The area of the jet in a cross-section will
be determined as result of the pressure inside the jet matching the outside pressure.
Since the pressure of the outside medium varies as the jet passes trough it, the jet
boundary will shrink and expand sending waves into the jet. Conical shocks develop
inside the jet as a result. A strong termination shock can be present at the transition
to subsonic speeds.

Due to the jets' non-homogeneous internal structure, "internal"

shocks are generated which are particularly strong in the so called knots.
The Gamma-ray Bursts (GRBs) are not yet suciently understood and the debate
on the nature of these extremely bright events is still ongoing.

Nevertheless, in the

proposed models (relativistic reball model, binary mergers) shocks are present [29].
In the simplest description of the diuse shock acceleration, the so called test particle
approach, the inuence of the accelerated CRs on the shock is ignored. Fig. 1.6 shows
a sketch of this simplied model, in the shock frame. The properties of the upstream
un-shocked plasma and the downstream shocked plasma change abruptly at the shock
front.

Figure 1.6: The simplest, plane-parallel geometry of the shock, the plasma upstream
and downstream of the shock front. In the shock, frame the shock is stationary, the
upstream un-shocked plasma is approaching the shock with velocity

ρ0

P0 ; the downstream shocked plasma is moving
v1 (v1 < v0 ), it has density ρ1 and pressure P1 .

and pressure

with velocity

v0 ,

it has density

away from the shock

The quantities at the two sides of the discontinuity are related via the Rankine-
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Hugoniot conditions for steady state, plane-parallel shock:

ρ0 v0 = ρ1 v1 ,
ρ0 v02

(1.15a)

ρ1 v12 ,

P0 +
= P1 +
P1
1
1 2 P0
+ U0 = v12 +
+ U1 ,
v0 +
2
ρ0
2
ρ1
where (as shown in Fig. 1.6)

v0 , ρ0 , P0 ,

and

U0

(1.15b)
(1.15c)

denote the velocity, the density, the

pressure, and the specic internal energy in the un-shocked plasma and

U1

v1 , ρ1 , P1 ,

and

are the same quantities in the plasma after the shock. The rst equation (Eq. 1.15a)

is the mass conservation condition, the second one (Eq. 1.15b) comes from the mass
and momentum conservation and the third equation (Eq. 1.15c) expresses the energy
conservation condition.
For mono-atomic ideal gas we have

U=

3P
2 ρ , which can be used to simplify Eq. 1.15c

to:

v02 + 5

P0
P1
= v12 + 5 .
ρ0
ρ1

(1.16)

Solving the Rankine-Hugoniot equations for mono-atomic gas, two solutions can
be obtained - a trivial one where

v0 = v1

v0
= 4,
v1

and one relevant for a fast shock:

and therefore

ρ1
= 4.
ρ0

(1.17)

Hence, for a fast shock in the plasma modeled as mono-atomic gas the shock compresses the medium by factor 4, no matter how strong the shock. Also the ratio of the
upstream and downstream velocities is xed and in the following it will be shown that
it leads to a dierential power law spectrum with a spectral index

γ = −2.

Similarly to the discussion for the second-order Fermi acceleration mechanism, to
obtain the spectral index we will begin by calculating the average energy gain per shock
crossing.

Eq. 1.4 is still valid for our case but the averages over the angles change.

Projecting an isotropic ux on the shock plane we obtain the crossing rate:

dN
=
d cos ϑ1
and therefore

hcos ϑ1 i = −2/3.

(
2 cos ϑ1
0

, cos ϑ1 < 0,

(1.18)

, cos ϑ1 > 0,

The crossing rate

dN/d cos ϑ2

is again obtained as

projection of an isotropic ux on the shock plane but from the other side. Therefore is
is non-zero for

cos ϑ2 > 0

and hence

hcos ϑ2 i = 2/3.

hξi =

Using this in Eq. 1.4:

4
4 v0 − v1
= β.
3
c
3

(1.19)
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The escape probability

Pesc

is given by the ratio of the ux of particles away from

the shock in the downstream region
upstream

Fin :

Fesc

and the incoming ux trough the shock from

Pesc =
The incoming ux

Fin ,

Fesc
.
Fin

(1.20)

under the assumption of particles' directions are isotropic

in the upstream region and their velocity much higher than the shock velocity, is given
by:

Fin
where
light

n

nc
=
4π

Z

2π

Z

π/2

dφ
0

0

nc
cos θ sin θdθ =
4

π/2

Z

sin 2θdθ =
0

nc
4

(1.21)

is the particles' number density and their speed is taken to be the speed of

c.

In the shock frame, the downstream medium is moving away from the shock front
with velocity

v1 .

Consequently, the ux of escaping particles is equal to

Pesc = 4v1 /c.
for Pesc and hξi in

hence the escape probability is
Finally, using the values

γ0 = −

and

Eg. 1.13:

4v1
3c
3v1
=−
= −1,
c 4(v0 − v1 )
4v1 − v1

(1.22)

where we used the compression ratio derived earlier in Eq. 1.17.
obtain the spectral index

Fesc = nv1

From Eq. 1.14 we

γ = −2.

However, the value of the spectral index and the resulting spectrum being strictly
a power law can be violated in more realistic models than the test particle slow shock
model discussed above. Non-linear eects have to be considered as the shock properties
change due to accelerated particles interacting with it. Such eects can lead to modication of the velocity transition at the shock front. Instead of a sudden change from
the upstream to the downstream velocity a more realistic transition is a reduced step
with a precursor as shown in Fig. 1.7. The accelerated CR current and the precursor
gradient will induce magnetic elds, which have to be taken into account. These self
generated magnetic elds act on the CRs helping them return to the shock front and
making the whole acceleration process more ecient. The stochastic acceleration including the non-linear eects is studied in 2D and 3D simulations, which aim to take
all eects into account self-consistently [30, 31].
The resulting spectra from these simulations are softer in the low energy part while
harder at high energies compared to the spectral index

γ = −2.

According to [30, 31]

this is due to high-energy particles diusing further upstream. As in this modied model
the velocity transition to the upstream velocity is aected by the precursor, the further
a particle diuses the higher the velocity dierence and the higher the compression
ratio.

14

Chapter 1. Multi-messenger high-energy astrophysics

Figure 1.7: The modied shock geometry in the the shock frame. The shock is stationary
and the upstream un-shocked plasma is approaching the shock from the left hand side.
The shock velocity step is reduced with a precursor. Depending on how deep particles
diuse they eectively see dierent velocity change and therefore dierent compression
ratio.

In case of relativistic shocks additional factors aect the acceleration. The shocks
become almost parallel to the magnetic eld lines in the upstream medium. In turn, the
point at which the magnetic line crosses the shock front will move with superluminal
speed. A particle bound to such eld line will be unable to repeatedly return and cross
the shock front. The limit for a particle to be able to return and therefore the standard
diusive acceleration to take place is given by the alignment of the magnetic eld lines
with respect to the shock. If the angle between the shock normal and the magnetic eld
is too large the diusive acceleration becomes inecient [31, 32]. Small scale magnetic
turbulences and laments generated by the moving particles play an important role as
they can improve the particles ability to return to the shock. Simulations show that
these self-generated magnetic elds can be preferentially aligned along the shock normal.
They are more likely to develop and determine the charged particle trajectories if the
initial embedded magnetic elds are not strong. The resulting spectral index in usually
softer than for the non-relativistic shocks, varying between

γ = −2.2

to

−2.3

[33].

The maximum energy which can be reached depends on the conditions in the acceleration site. A limit can be set based on geometrical arguments, namely that if the
Larmor radius of a particle exceeds the size of the acceleration site the particle will
escape and will not be further accelerated [34]. This condition, referred to as the Hillas
criterion, relates the maximum energy, the magnetic eld and the size of the potential
source:
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Emax ≈ ZeBvR,
where

Z

(1.23)

is the charge of the particle in units of the elementary charge

moving in the magnetic eld of intensity
to be the speed of light, and

R

B

with velocity

v

e,

the particle is

which can be safely taken

is the size of the accelerator.

According to Eq. 1.23, a given energy could be achieved even in a small acceleration
site in case the magnetic led is strong enough. Nevertheless, there is a limit to the
energy gain coming from synchrotron losses. These energy losses depend on the square
of the magnetic eld of intensity

B

and, as shown in [35], this leads to the condition:

Emax ≈

3 m4
B −2 R−1 ,
2 (Ze)4

(1.24)

where m is the particle mass.
Fig. 1.8 presents the updated version of the Hillas plot, showing the magnetic eld
strength and the size of possible acceleration sites [35]. The original Hillas plot [34] has
been improved adding new measurements of the potential source properties. The plot
also shows the two conditions from Eq. 1.23 and 1.24 for a proton of

1020 eV

and an

iron nucleus of the same energy.
For the highest energies the possible sources include mostly sites related to AGNs,
but GRBs could also serve as acceleration sites.

These extragalactic sources will be

discussed in section 1.4.

1.1.3.3 Magnetic reconnection
In pulsar wind nebulae (PWN), AGNs, and possibly GRBs, as they are magnetically
dominated, magnetic reconnection plays an important role as a particle acceleration

1

mechanism . The collision-less plasma is almost a perfect conductor and its behavior
can be described within the ideal magnetohydrodynamics (MHD) [37].

The innite

conductivity leads to the condition [38]:

E+
where

E

is the electric eld,

B0

v

in

c


× B0 = 0,

v in is the mean particle
∂B/∂t = −c (5 × E), a second condition

is the magnetic led and

velocity in the plasma. From Eq. 1.25, using
is obtained:

∂B
= 5 × (v in × B0 ) ,
∂t
1

(1.25)

(1.26)

In the Solar system magnetic reconnection is observed in solar ares and the interaction of solar

winds with the Earth's magnetosphere [36].
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Figure 1.8: The Hillas plot from [35] with updated source properties and with constraints from geometry and radiation losses for the regime of diusive acceleration with
synchrotron-dominated losses. Several possible acceleration sites were considered: central parsecs (AD) of active galaxies (low-power Seyfert galaxies (Sy), powerful radio
galaxies (RG) and blazars (BL)); relativistic jets, knots (K), hot spots (HS) and lobes
(L) of powerful active galaxies (RG and BL); non-relativistic jets of low-power galaxies (Sy); starburst galaxies; gamma-ray bursts (GRB); galaxy clusters and intercluster
voids. The red shaded area corresponds to the parameter region where acceleration of
protons to

1020 eV is possible while the red lines indicate the region for iron nuclei of the

same energy. Lower lines represent the Hillas constraint while upper lines represent the
radiation-loss constraint. All quantities are given in the co-moving frame, so that the
maximal energy for jets and shells of GRBs should be multiplied by the bulk Lorentz
factor which may be as large as
and GRBs.

∼

10 for leptonic jets and 100 to 1000 for hadronic jets

which is also known as the Alfvén's theorem. The interpretation of Eq. 1.26 is that the
evolution of the magnetic elds is bound to the plasma velocity. This is referred to as
the magnetic eld lines being frozen in the plasma and they move and deform along
with the plasma.
The magnetic reconnection phenomenon occurs when two masses of plasma moving

2

toward each other meet and the frozen-in magnetic eld lines are anti-parallel . Fig. 1.9

2

The discussion is also valid for the more complicated and more realistic case of the plasma velocities
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shows a diagram of the reconnection. In the region where the opposite magnetic eld
lines touch, the ideal MHD condition for the resistivity to be zero is violated.

The

non-zero resistivity can be caused for instance by increased Coulomb-collisions.

For

non-zero resistivity, the right hand side of Eq. 1.25 is not zero anymore and a current
sheet (reconnection zone) is formed.

This allows the magnetic eld lines to diuse

and rearrange, reconnecting at an X-point. The resulting magnetic tension causes the
original inow of plasma with velocity

vin

to be expelled in a perpendicular direction.

y
Reconnection
Layer
vin

Reconnected
magnetic lines

x

Bo

Speiser orbit

z
E
vin

+B o

Figure 1.9: A diagram representing the geometry of magnetic reconnection. An xy-slice
is shown of the layout which stays constant along the z-axis. The two bulks of plasma

±vin

are moving toward each other with velocity
lines are in blue while

±B0

along the y-axis. The magnetic eld

are the initial magnetic elds before reconnection running

parallel to the x-axis. In the center is the reconnection region where the magnetic lines
rearrange and reconnect. The electric eld

E

points in the z-axis direction and charged

particles are accelerated in Speiser orbits moving back and forth across the reconnection
region. The original picture was taken from [39].

The electric eld in the reconnection region is uniform and can be expressed using
Eq. 1.25 at the border of the reconnection region:

E rec = −
This electric eld

E rec

v

in

c


× B0 .

(1.27)

is responsible for charged particle acceleration in this model.

The particles crossing the reconnection region will be accelerated by the electric eld
as they pass though.

Once they are on the opposite side of the reconnection region

they will be forced to return back by the reversed magnetic eld. As a result charger
particles will repeatedly return to the acceleration region following the so called Speiser
orbit and gradually gain energy.
not being exactly opposite and the magnetic eld lines not exactly anti-parallel
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In astrophysical sources, the situation is much more complicated than in the simple

model. Fields and velocities are not perfectly aligned and the ows of plasma are not
static but rather turbulent. Two and three dimensional particle-in-cell (PIC) simulations are used to study the acceleration eciency and the spectra of the accelerated
particles.

Given the simple model described above, a possible outcome could be a

power law spectrum since, similarly to the rst order Fermi mechanism, the accelerated
particles repeatedly cross the acceleration region and have certain escape probability.
Indeed, in many of the simulations a power law is observed, although the spectral index

3 [37, 3941].

depends on the parameters, mainly on the magnetization

1.1.4

Propagation of cosmic rays, The leaky box model

In the intergalactic space, CR propagation is aected by magnetic elds and interaction
with the CMB. The magnetic elds deect CRs from their original direction, the eect
of the weaker intergalactic magnetic elds is dominated by deections in the galactic
ones. Quantitative estimate of the deections will be discussed in Section 5.2 and the
interaction with the CMB was covered in Section 1.1.2.
Many aspects inuence the CR propagations in the Galaxy, including position dependent magnetic elds, ISM densities, nuclei decays and spallation. These are modeled
using simulations such as GALPROP [42]. There is signicant modication of the spectral index of a power law spectrum due to propagation eects. Despite the complicated
physics of the full description, the change of the spectral index can be derived in a very
simplistic model referred to as the leaky box [4, 43].
In the leaky box model the whole of the Galaxy volume is treated as uniform,
including uniform distribution of the sources with identical spectra. The diusion-loss
equation:



dN
∂
dE
= D∇2 N +
−
N + Q,
dt
∂E
dt

(1.28)

is simplied if we consider protons, as the energy losses or gains during the diusion
trough the Galaxy are neglectable.
by a leakage term

−N /τesc .

The diusion term

D∇2 N

can be approximated

Contributions due to spallation are ignored and the losses

are due to proton interaction with the ISM. Under those assumptions, the steady state
(

dN
Dt

= 0)

diusion equation for the CRs has the from:

−
where

Np (E)

(1.29)

GeV−1 cm−3 , τesc (E) is the energy
−1 cm−3 s−1 , and λ/c is the
term in GeV

is the protons number density in

dependent escape time,

3

Np (E)
Np (E) · c
+ Qp (E) −
=0
τesc (E)
λ

Qp (E)

is the source

The magnetization is dened as the the ratio of the energy ux in the reconnecting magnetic eld

to that in the particles (rest-mass, thermal, bulk motion).
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mean propagation time before interacting, dened as the interaction length of protons

σpp ∼ 45 mb as the
40 g cm−2 .

in the ISM divided by the speed of light. Taking
the protons interactions, the interaction length

λ

cross-section of

is about

The escape time dependence on the energy can be estimated from measurements of
the ratio of secondary to primary nuclei abundance in the cosmic rays, most notably
the Boron to Carbon ratio, but also Sc, Ti, and V to iron ratio, and others.
energies of

Above

1 GeV per nucleon, the fragmentation cross-section stays almost independent

of the energy and therefore the energy dependence (decrease) of the ratio is due to the
dierent mean traveled path (measured in
the path

ξ(R)

g cm−2 ).


ξ(R) = ξ0
where

R

Empirical formula can be used for

dependence on the particle rigidity:

R
R0

δ
(1.30)

δ is a negative number to be obtained, along
ξ0 and R0 , from a t to the measured ratios of primary to secondary
that δ is negative reects the assumption that a particle with high

is the rigidity and the exponent

with the parameters
nuclei.

The fact

rigidity will travel along straiter/shorter path than a particle with low rigidity.

As

rigidity is linearly proportional to the particle energy this also describes the energy
dependence of the path. For the escape time we have:

τesc =
and therefore:


τesc = τ0

R
R0

ξ(R)
,
c · ρISM
δ


= τ0

(1.31)

E
E0

δ
.

(1.32)

The measurements of the Boron to Carbon ratio by the AMS-02 can be found in [44]
along with comparisons to other experiments. The result of tting the data is
and similar value is obtained using Sc, Ti, and V to iron ratio [4].
Rearranging Eq. 1.29 and neglecting

cτesc /λ

we arrive at:

Np (E) = Qp (E) · τesc .
As

Np (E)

δ = −0.6

(1.33)

is proportional to the ux measured at Earth, which is a power law with

a spectral index
of the sources:

γ ' −2.7

and

τesc ∝ E δ ,

we obtain the relation for the spectral index

Qp (E) ∝ E −2.7−δ .
Using the value for

(1.34)

δ = −0.6 obtained from the Boron to Carbon ratio leads to a
γsrc = −2.1 which is close to the prediction of the diusive

spectral index for the sources
acceleration mechanism.
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1.2 Gamma rays
Theγ -rays are the highest energy part of the electromagnetic spectrum with the lower
bound conventionally put at
solar ares, but

γ -rays

100 KeV.

The beginning of the spectrum is still aected by

at energies above few

GeV

originate from non-thermal process

in distant astrophysical objects. There are many production mechanisms: at the lowest
energies, electron-positron annihilation and nuclear decays; at higher energies, leptonic
processes, such as synchrotron radiation and inverse Compton scattering, and hadronic
processes resulting into the production of

π0

and subsequent decay into a pair of

γ s.

As the name suggests, Gamma Ray Bursts (GRBs) are a short lived but bright source
of

γ -rays,

the emission mechanism yet to be understood. A speculated source of

γ -rays

is decay and/or annihilation of hypothetical dark matter particles.

1.2.1

Leptonic gamma ray production

The acceleration mechanisms described in Section 1.1.3 are to a large extend valid also
for electrons. However, due to the electron's relatively low mass, once it gains velocity,
the radiative processes (synchrotron radiation) in the magnetic elds will result in a

γ -ray

substantial transfer of energy into the

population. Moreover, these high energy

photons will interact with their parent electron population and further gain energy
via the inverse Compton scattering, creating yet another higher energy distribution
of

γ -rays.

An example of a Spectral Energy Distribution (SED) for the Crab nebula

with the two broad peaks corresponding to synchrotron radiation and inverse Compton
scattering is shown in Fig. 1.10.
We can assume the energy spectrum of the parent electrons from the astrophysical
accelerator follows a power law with a negative spectral index

γ e.

As shown in [4, 20],

under this assumption, the right hand slope of the rst peak, i.e.
radiation region, will also correspond to a

νFν = Eγ2

γ -ray

the synchrotron

power law:

dNγ
(γ +1)/2
∝ Eγ e
.
dEγ

(1.35)

Moreover, the spectrum overall scale is aected by the magnetic eld

Eγ2

B:

dNγ
∝ B (−γ e +1)/2
dEγ

The spectrum as dened in Eq. 1.35 would diverge as

(1.36)

Eγ

decreases, but the process

of synchrotron self-absorption will become dominant in the low energy region.

This

process determines the shape for the rising left hand slope of the rst peak:

Eγ2

dNγ
∝ Eγ5/2 .
dEγ

(1.37)

1.2. Gamma rays

21

10 -7

SED Fit

E 2 dN/dE [erg s−1 cm−2 ]

10 -8
10 -9
10 -10
10 -11
10 -12 -7
10 10 -5 10 -3 10 -1 10 1 10 3 10 5 10 7 10 9 10 11 10 13 10 15
Energy [eV]
Figure 1.10:

Spectral energy distribution of the Crab nebula as measured by many

experiments over wide range of energies. For the detailed description of the datasets
see [45] and the references therein.

The plot and the t was done using the naima

software package [46].

Due to the eect of synchrotron radiation, it is obvious that there will be coexisting
populations of high energy electrons and photons. In this environment, a second process
will become relevant: the scattering of the photons on the relativistic energy electrons,
referred to as the inverse Compton scattering. In this process, on average photons gain
energy and the gain changes as the interaction cross-section changes from Thomson to
Klein-Nishina mode. The transition is expressed in terms of the

hνΓ,

where

hν

is the

photon energy and Γ it Lorentz factor for the electron with respect to the observer. For
hνΓ << me c2 , the Thomson cross-section applies leading to a power law distribution [4,
20]:

Eγ2
In the ultra-relativistic limit,

dNγ
(γ +1)/2
∝ Eγ e
.
dEγ

hνΓ >> me c2 ,

(1.38)

with the Klein-Nishina cross-section

describing the process, the resulting photon distribution follows:

Eγ2
The features in the

dNγ
γ
∝ Eγ e ln(Eγ ).
dEγ

γ -ray SED are tightly interconnected.

(1.39)
Electrons, via synchrotron

radiation, produce the target photons for the inverse Compton, but this in turn reduces
the energy/amount of electrons available for up-scattering photons.

Up-scattering of
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photons in turn reduces the energy/amount of electrons leading to less synchrotron
radiation. The magnetic eld strength is a key ingredient for the synchrotron radiation
therefore indirectly aecting its amount. The nal outcome is a transfer of the electrons'
energy into

γ -rays,

but the interplay of the various processes determines the shape

of the SED with the two major features described above, their position and relative
magnitude. Modeling of the underlying processes and tting the models to data allows
to extract various parameters for the objects, such as the magnetic eld strength, the
parent electron population spectral index, the amount of electrons, etc. Various models
are available for such analyses, some as on-line tools [4649].

1.2.2

Hadronic gamma ray production

The origin of the high energy cosmic rays is still unknown, nevertheless, a reasonable
premise is the presence of dust and ambient photons in the vicinity of the acceleration
site. The high energy hadrons will then interact on those targets producing secondary
particles.

The rst process, also known as astrophysical beam dump, involves two

hadrons (protons):

p + p → π ± , π 0 , K ± , K 0 , p, n.
In the second process, the photoproduction, a

∆+

(1.40)

is produced, subsequently decay-

ing into hadrons and mesons, essentially the same process which is responsible for the
GZK limit:

p + γ → ∆+ → p + π 0

→ n + π+

(1.41)

While the charged mesons are very important for this work, as they will produce
neutrinos in their decay chain as discussed in section 1.3, here we will focus on the
presence of

π0s

among the products of both reactions above.

Lets dene the lab frame and the pion co-moving frame such that the z-axes align
and the pion moves along them in the lab frame.
frame will be denoted with a

∗ sign. The

π0s

The quantities of the co-moving

will practically immediately decay into a

pair of photons. In the pion rest-frame, they will each carry energy equivalent to half
the

π0

mass,

Eγ∗ = mπ0 /2 = 67.5 MeV

be isotropically distributed.
distribution in terms of

when we adopt natural units (c = 1), and will

The isotropic directions distribution translates into at

cos θ∗ :
dN
1
= ,
∗
d cos θ
2

where

θ∗

(1.42)

is the angle of the photon with the z-axis and the actual value of 1/2 comes

from the normalization.
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To obtain the photon energy in the lab frame, we simply apply the Lorentz trans-

β

formation for using the pion velocity

and the corresponding gamma factor

Γ:

Eγ = Eγ∗ Γ + p∗γ βΓ(cos θ∗ )
m 0
= π Γ(1 + β cos θ∗ ),
2
where we used

Eγ∗ = p∗γ

(1.43)

which is valid for photons. From Eq. (1.43), the minimum and

maximum energy of the photons can be obtained. For highly boosted
the range is form zero to

π0

Eπ0 .

For deriving the spectral shape of

dEγ =

γ -rays

with

β '1

we dierentiate Eq. (1.43):

mπ0 Γβ
d cos θ∗ ,
2

(1.44)

thus:

dN
dN d cos θ∗
=
dEγ
d cos θ∗ dEγ
1
2
=
2 mπ0 Γβ
1
=
,
mπ0 Γβ
π0

therefore for a mono-energetic population of

(1.45)

the resulting

γ -ray

spectrum will be

uniformly distributed between the minimum and maximum energy.
The

γ -ray

spectrum of an astrophysical source will be determined by the spectrum

of the parent protons. At high energies, the
the nal

γ -ray

π0s

will follow the protons spectrum and

distribution will be a convolution of the

π0s

and Eq. (1.45) spectra.

As an example, if we take a primary protons power law spectrum with a spectral
index

γp = −2,

the resulting

plotted multiplied by

Eγ2 ,

γ -ray

spectrum will have the same spectral index, i.e.

similarly to Fig. 1.10, it would appear at.

0
energy limit of 0 for π with

β '1

The minimal

is not visible in such spectra as it corresponds to

the highest proton energies and it is therefore strongly suppressed by the power law.
Instead, the kinematic limit for photons from a
for a steeply rising lower bound on the

γ -rays

π0

decay at rest will be the threshold

from a hadronic origin.

The upper

bound would be related to the maximum energy of the protons from the astrophysical
accelerator while one has to also consider that the proton's spectral index is likely to
dier from

γp = −2

at that point.

The key to distinguishing hadronic origin

γ -rays

from leptonic is the shape of the

distribution. Analysis of Fermi-LAT measurements of the SED for SNRs IC 443 and
W44 show evidence for a hadronic origin of

γ -rays

[50].

The result of that analysis
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Figure 1.11: The SED of SNR IC 443. Only the Fermi-LAT measurements were used
for the t.

The gray shaded area is the systematic uncertainty due to diuse ux

estimation. The hadronic scenario ts the data best except if an ad hoc break in the
parent electron spectrum at

300 MeV

is introduced. Figure taken from [50].

is shown in Fig. 1.11, where the scenario that most of the

γ -rays

are produced by

π0

decays produces better t to the data at lower energies than leptonic models. Only after
introducing ad hoc break in the parent electron spectrum at

300 MeV,

an agreement

with a leptonic model can be achieved.

1.2.3

Propagation of gamma rays

At high energies, the dominant process aecting the

γ -ray

propagation is the pair

production with photons of the extragalactic background light (EBL):

γ + γ → e+ + e− .

(1.46)

The eect is energy dependent and the EBL photon number density varies as the
wavelength spans from CMB, infrared to optical, and the cross-section for the process
is also energy dependent, given by the Bethe-Heitler formula [4]:

σ(E, ε) ' 1.25 × 10−25
where

E

and

ε

are the energies of the

cross-section has a maximum at:

γ -ray

m2e
cm2 ,
Eε

(1.47)

and the EBL photon, respectively. This
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ε=

25
2m2e
520
'
eV,
E
E(GeV)

(1.48)

and the reaction threshold is half that, corresponding to the the energy of the two
photons in the center of mass frame being twice the mass of an electron.
Similarly to the GZK for cosmic rays, the consequence is a limit on the distance
from which

γ -rays can be observed.

In g 1.4, the blue line corresponds to this limit and

the three kinks on the line are due to infrared, CMB, and radio frequencies becoming
important.

For

γ -rays

with energy of

project the horizon is at about

300 TeV

which could be detected by the CTA

1 Mpc.

1.3 Astrophysical neutrinos
1.3.1

Production by cosmic rays

The most prominent production mechanism is closely related to the astrophysical
beam dump discussed in section 1.2.2, where the
cays were considered.

γ -rays

from the neutral pion de-

For the neutrino production, the charged pions produced in

reactions (1.40) and (1.41) are crucial while the contribution of the kaons and neutrons
is usually considered sub-dominant.

The charged pion decay chain leads to neutrino

production [51, 52] through the following reactions:

π + → µ+ + νµ
&

or

e+ + ν̄µ + νe

π − → µ− + ν̄µ
&

e− + νµ + ν̄e

(1.49)

The detection techniques of large neutrino experiments are not able to distinguish
neutrinos from anti-neutrinos, therefore only the avors are considered. The ratio of
neutrino avors at production for typical sources is:

(νe : νµ : ντ ) = (1 : 2 : 0).

(1.50)

Similarly to the gamma-rays discussed in section 1.2, the spectrum of the neutrinos
in the high energy region will follow the spectrum of the parent protons, in case of a
power law the spectral index will remain approximately the same.
Various eects can modify the avor ratios at the source from those in Eq. (1.50).
In muon damped sources, i.e. sources with signicant probability of muons interacting
before decaying, the ratios will be modied. For each muon that interacted one muon
and one electron neutrino will be missing. In the extreme case, similarly to atmospheric
neutrino production at highest energies, the avor ratio will be:

(νe : νµ : ντ ) = (0 : 1 : 0).

(1.51)
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In more realistic scenarios, the ratio will be energy dependent. The relativistically

increased lifetime of the muons at higher energies results in a higher probability of
muons interacting before decaying compared to lower energy muons [53].
Another eect, namely the additional acceleration of muons in the sources after they
are produced from pion decays, will have the opposite eect.
energy the

νe

and

νµ

It will move to higher

from the muon decay. This eectively increases the

νe

contribution

in the avor ratio at high energies. It will also increase the overall neutrino ux at higher
energies. The muons would have to be accelerated very rapidly, therefore, this scenario
is limited to a subset of sources, mainly GRBs, as discussed in [54, 55].
In the astrophysical beam dump, charm quarks will be also produced and the subsequent semi-leptonic decays will shift the avor ratios at high energies toward [52]:

(νe : νµ : ντ ) = (1 : 1 : 0).
In the charm mesons decays, a small amount of

ντ

(1.52)

is produced, but its contribution

is at most at permille level and can be neglected [52].
Besides these production channels for neutrinos directly or nearby the sources, the
existence of another, in a sense, guaranteed production scenario is obvious. The interactions of high energy CRs on the CMB, responsible for the Greisen-Zatsepin-Kuzmin
limit, leads to the production of charged pions and neutrons.

The subsequent de-

cays of these secondary particles will produce the so called cosmogenic neutrinos
or Berezinsky-Zatsepin neutrinos [56].

At the highest energies, the avor content

will be as expected from charge pion decays in Eq. (1.50) as the contribution from
neutrons is suppressed [57]. The suppression comes from the fact that at energies of
about

1 × 1020 eV,

the neutron decay length equals the photo-production interaction

length. The fact that the neutrinos from the neuron decay carry away only about

10−4

of the neutron energy also plays a role [58]. At lower energies, the electron neutrino
contribution from neutron decays becomes important.

1.3.2

Propagation and oscillations

Due to their very low cross-section and the low density of the ISM, neutrinos practically
do not interact with other particles on the way from their sources. As neutral particles,
they are not deected by magnetic elds, they always point back to their origin.
Neutrinos have three avors dened by their charged current interaction; the neutrino is assigned the same avor (lepton number) as the lepton involved.

The sole

propagation eect for neutrinos to consider is neutrino osculations in vacuum, i.e. periodic neutrino avor transitions.
The story of the neutrino oscillations begins in the 70's when puzzling experimental
results about the neutrinos began to appear, leading to a radical change of their theoretical understanding. The rst experiment to nd a discrepancy with the predictions
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was the chlorine detector in the Homestake mine, registering only about 1/3 of the expected solar electron neutrinos [59]. Over time, more evidence for unexpected neutrino
avor rates was gathered. Some experiments measured a decit of neutrinos, such as
the zenith angle dependent decit of muon neutrinos from CR atmospheric showers in
the Super-Kamiokande detector [60], which was also capable of measuring electron neutrinos at dierent energies; the decit of muon neutrinos from a muon neutrino beam
with the MINOS experiment [61] and later in T2K [62] (where also

νµ → νe

appear-

ance was measured); and the electron anti-neutrino decit from reactors measured by
RENO [63] and Daya Bay [64].

Other studies found an excess of neutrinos, namely

Super-Kamiokande registering a too high rate of atmospheric tau neutrinos [65] and
the detection of tau neutrinos with the CNGS neutrino beam in the OPERA Experiment [66].
To explain the neutrino avor appearance/disappearance phenomena, the standard
model treatment of neutrinos as massless particles had to be modied [9, 67]. The basic
concept behind neutrino oscillations is that the weak eigenstates dening the avor are
not identical to the mass eigenstates.

Instead, they are a superposition of the mass

states and can be expressed as:

|να i =
where

|να i

and

|ν̄α i

X
k=1,2,3

|ν̄α i =

or

X
k=1,2,3

Uαk |ν̄k i ,

are the neutrino or anti-neutrino avor states (α

are the mass states and
matrix.

∗
Uαk
|νk i

U

(1.53)

= e, µ ,

or

τ ), |ν̄k i

is the so called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

The PMNS matrix has to be unitary in order to restrict the neutrinos to

oscillate only within the three avors considered and it is usually parametrized as:





1
0
0
c13
0 s13 e−iδ
c12 s12 0
U = 0 c23 s23   0
1
0  −s12 c12 0 × diag[1, eα21 /2 , eα31 /2 ],
0 −s23 c23
−s13 eiδ 0
c13
0
0 1

(1.54)

where

cij

and

sij

denote the cosine and sine of the mixing angle

mass states numbers,

δ

θij , i

and

j

are the

is a CP violating phase, and in case neutrinos are Majorana

particles an additional term with two CP violating phases

α21

and

α31

is added. As a

3x3 unitary matrix, there are nine independent parameters, of which the two complex
Majorana phases have no impact on oscillations.
The probability of neutrino of avor

P (να → νβ ) =
where

φij = (m2j − m2i )L/2E

using

α

X

oscillating into avor

∗
∗
[Uβi Uαi
Uβj
Uαj ]eiφij ,

β

is given by [67]:

(1.55)

i,j

E ≈ |p|

for a relativistic particle, which neutrinos
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always are in any practical applications,

L

is the distance traveled (baseline) and

E

stands for the neutrino energy.
Alternatively, Eq. (1.55) can be rearranged to:

P (να → νβ ) = δαβ − 4

X

∗
∗
Re[Uβi Uαi
Uβj
Uαj ] sin2

i>j

X
φij
∗
∗
−2
Im[Uβi Uαi
Uβj
Uαj ] sin φij ,
2
i>j

(1.56)
from where an important implication is obvious: in order to have non-zero oscillation
probabilities, the neutrino masses need to be non-zero. Also the oscillation phenomena
is only sensitive to the dierence of the squared masses, therefore the mass hierarchy
is ambiguous, either

m1 < m2 < m3

(normal hierarchy) or

m3 < m1 < m2

(inverted

hierarchy).
parameter
sin

2 (θ

∆m221
sin

2 (θ

2 (θ

δ

0.304
(7.53

23 )

∆m232
sin

value

12 )

13 )

±

±

0.18)

most favorable means of measuring

0.014

×10−5 eV2

Solar and reactor experiments

+0.055

0.514−0.056 (NH)

± 0.055 (IH)
−3 eV2 (NH)
(2.44 ± 0.06) ×10
−3 eV2 (IH)
(2.49 ± 0.06) ×10
0.511

(2.19

± 0.12) ×10−2
(∼ 3π/2)

Atmospheric and accelerator experiments

Reactor and future accelerator experiments
Future accelerator experiments

Table 1.1: Best estimate of the PMNS as reported by the Particle Data Group [9], The
values labeled as (NH) are obtained under the normal hierarchy assumption while (IH)
refer to inverted hierarchy results.

Dierent combinations of the baseline and energy allow to experimentally measure
dierent PMNS matrix parameters. Table 1.1 summarizes the state of the art values
for the parameters together with the most favorable means of measuring them.
The avor ratios of the neutrinos as they arrive on the Earth calculated for the
various scenarios described in section 1.3.1 can be found in [51, 52]. Notably, due to
the almost maximal mixing angle
ratio
ratio.

(νe : νµ : ντ ) = (1 : 2 : 0)

θ23 ,

the neutrinos produced from pions in a avor

will, after oscillations, arrive in close to a

(1 : 1 : 1)

Fig. 1.12 presents the IceCube measurement of the avor ratios [68].

It also

includes the predictions for the arrival composition assuming the pion, muon-damped
and neutron production scenarios for the neutrinos. Note that IceCube is only capable
to distinguish track-like events from charged current

νµ

interactions from cascade-

like events caused by all avors. The avor ratio results are obtained comparing the
rates to Monte-Carlo simulations.
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1.4. Possible sources of astrophysical neutrinos and relation to other
messengers

Prole likelihood scan of the avor composition at Earth as measured

by IceCube [68]. The best-t result is indicated by a  × sign ( + shows the result

of an older analysis). The color markers indicate the predicted composition at Earth
for the various production scenarios: pion production (red dot), muon-damped (orange
square), and neutron decay (green triangle) - the last one being strongly disfavored.

1.4 Possible sources of astrophysical neutrinos and relation
to other messengers
1.4.1

Energy budget considerations - supernovae

In 1934, W. Baade and F. Zwicky argued that supernovae could be the source of the
CRs observed at Earth [69, 70] and supernovae are still considered the most probable
acceleration site for galactic CRs.

Their reason to believe the source of the CR are

supernovae was based on the balance between the energy injected into CRs during
supernovae explosions and the energy lost due to CRs escaping the Galaxy. The original
work was not concerned with the maximum energy of the CRs or the details of the
acceleration mechanism.
The energy density of CRs can be obtained integrating the ux above few GeV
which leads to

ρCR ' 1 GeV/cm−3 .

The total amount of energy stored in CRs in the

Galaxy can be estimated from the energy density by multiplying it by the volume of

VG = 5 × 1066 cm3
15 kpc):

the Galaxy
radius of

(calculated assuming a cylinder of

300 pc

height and
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ρCR × VG = 8 × 1054 erg.

(1.57)

τesc measured from the ratios of Boron isotopes abun7
14
dance is about 10 y=10 s [71]. Thus, the power lost due to particles escaping the
The characteristic escape time

Galaxy is:

8 × 1054 erg
= 3 × 1040 erg/s.
3 × 1014 s

PCR =

(1.58)

There are large uncertainties on this number, coming for instance from the fact that
the magnetic halo of the Galaxy which is responsible for conning the particles could
be larger than the volume

VG

and therefore increasing the power loss.

Whatever is

the source of CRs, it has to be able to supply this amount of energy per unit of time.
However, it does not have to be a steady source. It is sucient that the time variations
of the source are on a much shorter scale than the connement time.
For a supernova of ten solar masses, the released energy is

51
carried away by neutrinos [4]. This leaves 10

erg

1053 erg

of which 99% is

for the particles in the expanding

shell. The rate of supernova explosions in the Galaxy is about one in every 30 years,
thus the power created is

1042 erg/s.

Comparing this to the escaping power

PCR ,

the

conclusion is that it is sucient if just a few percent of the supernova ejecta energy is
converted into CRs in order to maintain the CR energy density in the Galaxy.
A rough estimate of the maximum energy up to which SNRs can accelerate CRs via
the diusive shock acceleration can be obtained from the energy gain per one cycle of
crossing the shock there and back and the maximum number of crossings possible [72].
The energy gain per cycle is energy dependent. Using Eq. 1.9 we obtain:

∆E = Ehξi.
The relative energy change

hξi

(1.59)

for the rst order Fermi acceleration is expressed in

Eq. 1.19, and substituting from Eq. 1.17, we obtain:

∆E = E

v0
.
c

(1.60)

As for the number of times a particle would complete a cycle trough the shock, it
can be expressed as:

Ncycles =
where

Tshock

Tshock
,
Tcycle

(1.61)

stands for how long the shock propagates into the ISM before it gets too

weak to accelerate particles and

Tcycle

is the time it takes for a particle to complete the

cycle of crossing the shock forth and back.

1.4. Possible sources of astrophysical neutrinos and relation to other
messengers
We chose as the limit for
the density of the ejecta

ρISM ,

ρSN

Tshock

31

when the shock becomes too weak, the point when

becomes equal to the density of the interstellar medium

and then the shock becomes inecient, and if we take a supernova of ten solar

masses as a typical example, we obtain

ρSN =

10M
3 = ρISM ,
(4/3)πRSN

RSN is the distance at which
1.6 × 10−24 g cm−3 into Eq. 1.62, we

where

the densities will be equal.

RSN = 1.4 ×

obtain

shock propagation time is:

Tshock =
The last ingredient needed is the

(1.62)

Tcycle .

1019

Inserting

cm = 5 pc.

RSN
.
v0

ρISM =

Thus, the

(1.63)

In order for particles to return to the shock,

they have to become isotropic in the reference frame of the medium. The corresponding
shortest distance scale at which this can happen is the Larmor radius of the particles:

λ=
where

Z

is the charge and

B

E
,
ZeB

(1.64)

the magnetic eld which we take to be the same on both

sides of the shock, and we use the relativistic limit for the momentum being equal to
the energy

E.

Therefore, for

Tcycle

we obtain:

Tcycle =

λ
v0

(1.65)

Finally, we can calculate the maximum energy to which the SNRs can accelerate
charged particles as:

Emax = ∆E

v0 RSN ZeBv0
Tshock
v0
=E
= RSN ZeB
Tcycle
c v0
E
c

= (2 × 10−2 ) · (1.4 × 1019 cm) · (1.601 × 10−19 C) · (4 × 10−6 G) · Z

(1.66)

' 500 · Z erg ' 3 × 1014 · Z eV.

At rst glance, the maximum energy obtained is too low to explain the CR spectrum
up to the knee at 3 PeV for protons or the second knee. Nevertheless, there are factors to
take into account which can easily change the energy range. For instance the strength of
the magnetic eld. The value used above is the typical value for the Galactic magnetic
eld, a rather conservative choice. Studies of X-ray laments from synchrotron radiation
in young supernovae deduce magnetic elds with strength of around
regions as high as

650 µG

400 µG, but in some

[73]. Using these values which also lead to non-linear shock

acceleration processes (as discussed in section 1.1.3.2), the maximum reachable energy
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is around the knee. For heavier composition it reaches even the second knee of the CR
spectrum.
Supernovae explosions thus generate enough power to sustain the CR energy density.
As accelerators they could reach the required energies of the Galactic CRs and there
is a viable theory (the diusive shock acceleration and its modications [74]) for the
acceleration mechanism.
The energy released in the supernova explosion and the accompanying shocks are
one possible source of high-energy neutrinos. Another source could be the neutron star
which is born in the explosion, it can be highly magnetized, rapidly spinning, and with
beamed EM emission. A pulsed EM emission can be observed as the beam, which sweeps
around with the rotation, periodically points towards Earth. These pulsars have high
magnetic elds up to

1012 G,

and their subclass, the magnetars, can reach

1015 G

[75].

The high magnetic eld makes these objects promising sites for acceleration.
Particularly interesting is the case of the so called Soft-Gamma Repeaters (SGRs).
These are objects observed as a very short (sub-second) outbursts in soft

γ -rays,

with

44
very high intensity (up to 10 erg/s), followed by pulsed emissions lasting few hundred
seconds [76]. Only handful of SGRs have been observed; the rst one in 1979 [77] and
7 in total so far [78]. They have been associated with magnetars [75]. The exact mechanism triggering and powering these giant ares is a matter of debate, but in general
the conditions seem to be very favorable for CR acceleration [79]. The accelerated CRs
will interact with the surrounding ISM and produce pions; the neutral pions are responsible for the non-thermal are in

γ -rays

and the charged ones will ultimately produce

neutrinos. Therefore, a time dependent signal (are) in neutrinos is expected to be correlated with a are in

γ -rays.

This is a very promising signature for the IceCube time

dependent point source searches presented in chapter 4, in particular for the searches
triggered by

1.4.2

γ -rays.

Energy budget considerations - Waxman-Bahcall upper bound
on extragalactic astrophysical neutrinos

An upper bound on the extragalactic astrophysical neutrino ux, commonly referred to
as the Waxman-Bahcall upper bound, can be derived from assuming the same process
fuels the highest energy CRs in the ankle region and the neutrino ux [80].
The energy production rate in CRs between

ECR

and

ECR + dECR

can be expressed

as:

ε̇CR (ECR ) dECR = Ṅ (ECR ) ECR dECR
where

ε̇CR

(1.67)

ECR , Ṅ (ECR ) is the
Ṅ (ECR ) = dṄ /dECR ,

is the energy production rate for CRs at the energy

ECR increases,
z = 0). Under the assumption that the CRs

rate at which the number of CRs with energy
this quantity taken at production (redshift
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spectrum at the source is a power law with a spectral index

γ = −2,
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as is the case for

the diusive acceleration mechanism (see section 1.1.3.2), we have:

−2
Ṅ (ECR ) = K ECR
,
where

K

(1.68)

is an energy independent constant. To obtain the value of

K , we substitute
1021 eV, where

19
Eq. (1.68) into Eq. (1.67) and integrate in the energy range 10 eV to
the extragalactic CRs dominate over the galactic ones:
19 ,1021 ]

ε̇[10
CR
where

19 ,1021 ]

ε̇[10
CR

= K ln(1021 /1019 ).

(1.69)

is the integrated energy production rate of CRs. Thus, we obtain:
19

21

[10 ,10 ]
ε̇CR
dṄ
K ≡ ECR
=
.
dECR
ln(1021 /1019 )
2

The numerical value of

19 ,1021 ]

[10
ε̇CR

(1.70)

is obtained from the measured CR ux at Earth [81,

82], taking into account propagation eects, such as the GZK cuto,

2.3 × 1044 erg Mpc−3 yr−1 .
2
ECR

19 ,1021 ]

[10
ε̇CR

=

Thus:

dṄ
≈ 0.5 ± 0.15 × 1044 erg Mpc−3 yr−1 .
dECR

The maximum ux of muon neutrinos (νµ and
lose a fraction of their energy



ν̄m u

(1.71)

combined), assuming the CRs

for pion production, is:

Imax ≈  0.25 tH ξ

c 2 dṄ
E
,
4π CR dECR

(1.72)

where the factor 0.25 comes from the rough estimate that 1/2 of the pions are neutral
and do not produce neutrinos and that the muon neutrinos carry away about 1/2 of
the pion energy,
and

ξ

tH = 1010 yr

is the Hubble time over which the production takes place,

is a factor to account for the cosmological evolution of the sources and redshift

energy losses. Additional factor 1/2 has to be applied if

νµ

and

ν̄µ

are to be considered

separately. The expected neutrino uxes are:

Eν2 Φνµ =  ξ 3.75 × 10−9 GeV cm−2 s−1 sr−1 , Φνµ ≈ Φν̄µ ≈ Φeµ
where the parameter

ξ

(1.73)

is estimated to be between 0.6 and 3 [80].

The Waxman-Bahcall upper bound in Eq. (1.73) is valid for optically thin sources.
For sources where the CRs would not escape, it is impossible to infer anything on the
neutrino ux from the CR ux. Also, in the derivation of the upper bound above the
composition of CRs in the ankle region is assumed to be purely protons.
composition is heavier the bound will change [83].

If the real
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1.4.3

Active galactic nuclei

Distant galaxies for which a signicant portion of their radiation is not due to stars or
the gas are called active galaxies. They make up for about 3% of all galaxies and their
spectrum has a large non-thermal component.

The central few parsec region, where

enormous amounts of energy is produced, is the active galactic nucleus, the AGN [84].
The huge luminosities and the variability timescales as short as hours [85] suggest
that in the central region of AGNs there is a super-massive black hole (BH). These
BHs could have a mass of

107

to

1010 M

[86] and the way they are formed is unclear.

It is widely accepted that the AGNs are powered by accretion of matter.
the central BH is the accretion disk with a radius of up to

10−3 pc.

Closest to

The existence

of an accretion disk, or in general the fact that the AGN is not spherically but rather
cylindrically symmetrical, plays an important role for the rate of accretion and therefore
for the available energy to power the ANG emission.
The limit on the luminosity comes from the radiation balancing the gravitational
force.

This limit, called the Eddington luminosity, links the BH mass

M

to the

luminosity:

Ledd =
where

L

4πGM mp c
M
∼ 3 × 1013 9
L ,
σT
10 M

(1.74)

is the Sun luminosity. In-falling matter is assumed to be hydrogen atoms and

the interaction of the radiation with it is characterized by the Thomson cross-section

σT .

The Eddington luminosity limit can be avoided if the directions of the matter in-fall

and the radiation are dierent, i.e. the system is not spherical.
As the angular momentum has to be conserved, a cylindrical symmetry is formed
with the accretion disk rotating closest to the BH. The velocity of the accretion disk is
not constant with the radius - the closer to the BH, the higher the velocity. This leads
to friction and loss of angular momentum which is transformed into heat. Therefore
this region of the AGN emits as a combination of many black-body spectra.
Outside of the accretion disk, up to radii of

1 pc,

is the broad line region, a region

of relatively dense clouds illuminated by the radiation of the inner parts of the AGN.
This radiation is absorbed and re-emitted forming spectral lines, broadened by the

3000 km/s. Further out, the
500 km/s and this narrow line region

Doppler eect as these clouds rotate with velocities of about
velocities of the rotating clouds drop to less than
spans up to

1000 pc.

Finally, an obscuring torus of relatively cold gas surrounds the

system. Due to its column density only X-rays can penetrate it.
A subsample of AGNs, the radio loud group, exhibits one of the most striking
phenomena in the universe, the AGN jets.

These jets, i.e.

high velocity collimated

matter outow along the rotation axis, were rst observed due to the synchrotron
emission in the radio domain.

The entire jet length can exceed

100 kpc

[87] and the

outowing plasma velocity reaches close to the speed of light with Lorentz factors of up
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to 30 [84]. Since the rst observations in the radio domain the jets we observed up to
TeV

γ -rays

during multi-wavelength campaigns. Neverthless, no association with CRs

or neutrinos has been observed yet.
The high Lorentz factors have to be considered when interpreting observations as
they can lead to signicant distortions. One such eect is the apparent superluminal
motion of substructures in the jet.

The geometry of the jet has to be analyzed to

explain this contradiction with relativity. If the angle to the line of sight is
jet velocity is

v,

vapp =
where

β = v/c.

θ

and the

the apparent velocity is:

Therefore

vapp

v sin θ
1 − β cos θ

(1.75)

can be higher than the speed of light even for rather

low jet Lorentz factors [84].
The mechanism responsible for producing the jets is not known. The general approach is that energy is extracted from the accretion ow and transfered into the jet
ow by magnetic elds, but the details are a matter of speculation.
Another aect to account for is Doppler boosting of the emitted light. The Doppler
factor is:

p
1 − β2
D=
.
1 − β cos θ

(1.76)

For the jet pointing towards the observer, the intensity will be increased by factor

D3 ,

the frequency will be changed by factor

D,

but if the emission was with a power

law spectrum it will remain a power law as each frequency is shifted by the same factor.
AGNs pose yet another observational challenge.

Due to their geometry, an AGN

can look very dierently depending on the orientation with respect to the line of sight.
For this reason, in the past AGNs were classied as many dierent types of objects.
Later, the unied scheme for active galactic nuclei was introduced [88, 89] where some
of the classication groups were redened as one and the same object, just seen from a
dierent angle. A diagram of the unied AGN scheme is shown in Fig. 1.13.
For this work, of the AGN sub-classes in Fig. 1.13, blazars, i.e.

AGNs with jets

pointing toward us, are most interesting due to their variability and the high power
emitted during bursts [88, 89, 91]. As mentioned in section 1.1.3.2, the physical conditions inside of AGN jets are suitable for diusive acceleration. Moreover, due to the jet
collimation and the high Lorentz factor, particles are likely to be directed toward the
observer.
Blazars exhibit sudden sequences of multiple ares that may last from minutes to
months and are observed in various wavelengths from radio to

γ -rays.

Correlations

between various bands have been observed in numerous multi-wavelength campaigns,
particularly between X-rays and

γ

TeV emissions.

A well-studied case is that of the
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Figure 1.13: The unied model of AGNs. The AGNs are classied by the presence of
a jet, the power of the central engine and the angle with respect to the line of sight.
Diagram taken from [90].

close-by TeV blazar Mrk 421 (see e.g. [92, 93]). In other instances, optical ares have
triggered TeV are observations [94].
The SED of AGNs shows the two broad peaks, as explained in section 1.2.1. The
lower energy one is believed to originate from the synchrotron emission of the charged
particles in the jet. In leptonic models, the higher energy one is generally explained by
inverse Compton scattering. In the case of balzar jets, the up-scattered photons can be
either the synchrotron seed photons (Synchrotron Self Compton - SSC) [95] or external
seed photons (External Compton - EC) [96, 97].
In the simplest case, both SSC and EC mechanisms predict that a aring at TeV
energy should be accompanied by a simultaneous aring in the synchrotron peak and
so a connection between the bands from optical to

γ -ray is expected.

If the synchrotron

peak is located far from the optical band, as in the case of High-frequency Peaked
Blazars (HBLs), then the synchrotron ares should be visible at other wavelengths,
usually X-rays [92, 93].
Alternatively, hadronic models suggest production of neutrinos and
decays [98100]. In these models, the high energy

γ -rays from pion

γ -rays come from proton synchrotron

emission or the decay of neutral pions formed in cascades by the interaction of a highenergy proton beam with the radiation or gas clouds surrounding the source [100]. In
this scenario, a strong correlation between the

γ -ray and the neutrino uxes is expected.
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Observations of neutrinos would clearly distinguish between leptonic and hadronic models.
For some observations it has been claimed that hadronic processes could explain
ares better than leptonic processes [101].

Orphan ares, i.e.

a TeV are without a

lower energy counterpart, challenge leptonic models [102104].

Non-observation of a

signicant X-ray activity could naturally be interpreted as due to the suppression of
electron acceleration, an inverse Compton scattering and the dominance of very high

γ -ray production from meson decays in hadronic models.
In case the γ -rays observed from a blazar are produced via the hadronic model,
the ux in γ -rays can be related to the ux in neutrinos [103, 105]. The spectrum
of neutrinos can be assumed to be a power law with a spectral index γ ≈ −2, but
the γ -ray spectrum is aected by interactions/cascading in the production site and
energy (VHE)

interactions with the EBL en route to Earth. For this reason, the connection is realized
via the energy balance [103, 105]:

Z

Eγmax

Eγmin
where the

K

dNγ
Eγ
dEγ = K
dEγ

Z

Eνmax

Eν
Eνmin

dNν
dEν ,
dEν

(1.77)

factor accounts for the number of daughter particles and the fraction of the

energy they carry away. For pp interactions,
If we take the

γ -ray

K = 1,

while for pγ , interactions

K = 2.

spectrum to be described by:

dNγ
= Aγ Eγα ,
dEγ
where

α < −2

(1.78)

because of the energy losses on EBL. Substituting Eq. (1.78) into

Eq. (1.77) and integrating, an expression for the neutrino spectrum is obtained:

where

Eγ,min

α+2
Aγ Eγ,min
dNν
E −2 ,
≈
dEν
(−α − 2)K ln (Eν,max /Eν,min ) ν
is the production threshold of

γ -rays

(1.79)

in pp or pγ interactions in the

observers' frame (i.e. the Lorentz factor of the jet has been included), and

Eγ,min

(νe : νµ : ντ ) = (1 : 2 : 0) at
be (1 : 1 : 1). Therefore, for

was assumed. For a avor ratio of

oscillations the arrival avor ratio will

Eγ,max 

the source, after
calculating

νµ

a

factor of 1/2 has to be added.
Once equipped with Eq. (1.79), the neutrino spectra can be estimated for dierent
scenarios with dierent

Eν,max /Eν,min

and Lorentz factors of the jet. The results of such

a study can be found in [105] together with the expected number of muon neutrinos to
be registered by IceCube.

38

Chapter 1. Multi-messenger high-energy astrophysics

1.4.4

Gamma-ray bursts

Gamma-ray bursts is a name for short

γ -ray

bright events outshining any other source.
tween

100 keV

and

1 MeV

events (about

10−3 s

to

103 s),

extremely

Their energy spectra have maxima be-

and are largely non-thermal.

The phenomenon of GRBs was accidentally discovered in 1967 by the Vela satellites, a project of the US government for monitoring nuclear detonations [106]. Short

γ -ray

ashes were registered and while the direction was poorly measured, it was con-

cluded that they are originating from outside the solar system. Further experimental
progress was achieved when the Burst and Transient Source Experiment (BATSE) was
launched on board of the Compton Gamma Ray Observatory in 1991. About 3000
GRBs were registered with isotropic distribution in the sky. The fact that the distribution did not follow the anisotropic shape of local structures (the Galaxy, etc.) implies
that the GRBs origin is at cosmological distances [107, 108].

A very short duration

and large distances, yet an extremely high brightness of GRBs, means that during such
an event an enormous amount of energy is released from a rather small volume. The
estimate of the total amount of energy released depends on the GRB model considered.
In the case of isotropic emission it is about
divided by a factor

4π/Ω,

where

Ω

1054 erg,

if beamed this number has to be

is the beam solid angle.

Figure 1.14: Distribution of the duration

T90

of GRBs, dened as the time window

for 90% of the total measured energy. Data from the 4B BATSE catalog [109]. Two
distinct groups can be seen, short GRBs (T90

< 2s)

and long GRBs (T90

> 2s).

Figure

a courtesy of NASA/BATSE and the NASA Gamma-Ray Astronomy group at the
National Space Science and Technology Center (NSSTC).
Also from BATSE observations it became obvious that there are two classes of
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GRBs, short (T90

< 2s)

and long (T90

> 2s),

39

as Fig. 1.14 shows. These two classes also

show a separation in the distribution of the spectral hardness [110] - shorter GRBs tend
to have harder spectra.
Several satellite experiments were launched after BATSE, for overview see [75],
which allowed for performing more complex observations and also follow up measurements of the afterglow and its spectral lines. From these the redshift can be deduced,
conrming the cosmological distances of the GRB origins.
As for the GRB progenitors, two dierent scenarios are proposed for the two duration
and spectral classes.

The most widely accepted progenitor for the long GRBs is a

collapsing massive star.
about

10M

In this collapsar model, a Wolf-Rayet star with a mass of

collapses after it runs out of fuel for nuclear fusion [111]. As a result of

the collapse, a black hole with a mass of few
accretion disk.

M

is formed with a rapidly rotating

The rotation of the accretion disk, despite its name, does not allow

for much matter to fall into the black hole. In contrast to the disk, the pole regions
will have no rotational velocity and the matter can free fall into the black hole. As a
result, the regions along the rotational axis will be depleted of matter, creating a low
pressure funnel. Now, if it happens that a substantial amount of energy is injected in

4

that region , matter can be squeezed and pushed via the low pressure tunnel to the
surface. The lower limit for the duration of this outow will be about

10 s,

the time

it takes to cross to the collapsed star surface. This outow will be well collimated due
the pressure surrounding the low pressure funnel and possible due to magnetic elds.
Numerical simulations show that in this case the outow is collimated by the pressure
from the stellar mantle and gains high Lorentz factors as it breaks through the surface,
forming a collimated, relativistic outow or a jet [111]. One of the predictions of this
model is that the distribution of long GRBs should be correlated with star formation
regions. The reason behind this prediction is that massive stars that could become a

7 y); therefore, the star formation which created them

GRB progenitor are sort-lived (10

will be still ongoing when they collapse.
Compact binary mergers are believed to be the progenitors of the short GRBs. Compact binaries are either two neutron stars or a neutron star and a black hole orbiting
each other. As general relativity predicts and observations conrm, such systems lose
rotational energy radiating gravitational waves. Eventually, they will violently merge,
the last

100 km

taking less than a second. Similar conditions as for the collapsar model

will be generated, most notably a low pressure funnel along the rotational axis surrounded by the dense mantel [111].

A jet can be released through that funnel, the

specic time similar to the rapid last phase of the merger.
In both main progenitor hypotheses, a jet is formed and the GRB emission will be
beamed. As mentioned before, reducing also the estimate of the total energy released,

4

The collapsar model does not explain how that energy is released or its origin. It merely works

with the assumption that it can happen.
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and reduces the requirement for the mass of the progenitors. After the phase when the
highly boosted jet is formed, the two models can be treated similarly.
The Fireball model attempts to describe the evolution after the inner engine of the
GRB has provided a large amount of mass ejected during a short interval of time [111].
Due to inhomogeneities in the relativistic jet ow, successive density waves will be
formed traveling outwards. As the front waves collide with the surrounding medium,
they will be slowed down and the waves behind them will catch up with them. This will
create strong forward and reverse internal shocks. As explained in section 1.1.3, charged
particles (electrons, positrons and hadrons) will be subject to diusive acceleration.
While protons can be accelerated basically loss-free up to energies as high as

1021 eV [75,

112], electrons lose their energy to synchrotron radiation. Originally, the environment
is opaque for

γ -rays, but as it adiabatically expands and cools, at some point it becomes
γ -rays and they escape - the GRB ares. Besides the internal shocks,

transparent for

external shocks are formed where the outow collides with the ISM. Here, acceleration
is also likely to take place and as a consequence, an afterglow will be seen in
In all three stages of the GRB (the precursor stage, the

γ -ray

γ -rays.

are, and the af-

terglow), protons can be accelerated, leading to neutrino production via the reactions
in Eq. (1.40) and Eq. (1.41) followed by the charged pion decay chain in Eq. (1.49).
Fig 1.15 shows the spectral properties of the neutrino emission during the dierent GRB
stages.
It is believed that there is a time delay between the collapse and the GRB as a
result of the jet formations and propagation. However, shocks are formed immediately
during the collapse, leading to proton acceleration. These fast protons interact, producing neutrinos, while there is no observable GRB yet, because the environment is still
optically thick [75]. The detailed calculation for the spectrum can be found in [113]. In
Fig. 1.15, the precursor emission has three features. The rst feature with a spectral
index of -2 is due to the neutrino production in pp collisions with cold stellar protons
in the object envelope. The neutrinos' high-energy parent protons which collide with
the cold protons had to escape the dense inner regions rst. In the inner regions, due
to the very dense photon eld, any proton with energy above the production threshold
for a

∆

resonance will rapidly lose energy. Thus, the drop at about

104.5 GeV.

Above

this threshold the neutrino production happens in the inner, dense regions of the forming GRB. The dominant process is pγ interactions producing a
turn will produce neutrinos in its decay chain.

∆

resonance, which in

However, the neutrino production is

heavily suppressed because all the processes are happening in the dense medium and
therefore the involved particles are subject to interactions and energy losses before they
can decay.
During the actual GRB, the

γ -ray

spectrum shows a break at around

and is usually described by the Band function [114]:

bγ ∼ 250keV

Nγ(arb.units)

photon spectra
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Figure 1.15: Overview of the neutrino emission spectra during the dierent stages of a
GRB along with the shape of the electromagnetic emission.

t( 90) is

dened as the time

window for 90% of the total measured energy. Plot taken from [75].

dNγ
∝
dEγ

(

α

Eγ γ
β
Eγ γ

for Eγ < bγ
for Eγ > bγ

The typical values for the spectral indices are

−2

(1.80)

αγ = −1

after, but can signicantly vary among the GRBs.

before the break and

βγ =

This softening of the power

law spectrum by the change of the spectral index by one could be explained by the
cooling of the electrons at high energies or the electron energy losses due to inverse
Compton scattering [75]. The neutrino production during the stage of the GRB is via
pγ interactions and the production of a

∆

resonance. The parent proton population

from the diusive acceleration has a power law spectrum with a spectral index of -2.
The energy threshold for the
relates the proton and

∆

resonance production in the center of mass system

γ -rayenergy:
Ep · Eγ = const.,

which in turn means

Ep ∝ Eγ−1 .

This relation, together with the approximation

(1.81)

Eν =
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Ep /20

for the

∆

resonance neutrino production, translates the break of a

γ -ray

power

law spectrum into a neutrino power law spectrum with a break:

where the normalization constant
and

bν

Aν

γ -ray

for Eν < bν
for Eν > bν

can be determined from the

(1.82)

γ -ray uence (see [75])

is the energy for the break in the neutrino spectrum:

bν
where

(Eν /bν )αν
(Eν /bν )βν



dNν 2
E = Aν ·
dEν ν

Γ

(m2∆ − m2p )Γ2
=
4(1 − z)2 bγ

(1.83)

is the bulk Lorentz index. The spectral indices in Eq. (1.82) are related to the

broken power law in Eq. 1.80:

αν = −βγ − 1,

and βν = −αγ − 1.

(1.84)

At the very highest energies, yet another steepening of the spectrum is expected
due to the charged pions losing energy via synchrotron emission [115]:

dNν 2
E = Aν · (Eν /bν )βν (Eν /sν )−2 for Eν > sν ,
dEν ν

(1.85)

s

where the second break energy ν depends and the neutrino avor and is derived in [116].
Realistic values for the two breaks are [75]:

bν = 105 GeV,

and sν = 107 GeV.

(1.86)

In the afterglow phase, after the burst hits the ISM, reverse shocks are sent back
and these can eciently accelerate particles. The

γ -ray

spectrum resembles a broken

power law, the break being caused by synchrotron cooling of the electrons.
The protons are expected to have a power law spectrum with a spectral index -2 and
can reach as high as

1020 eV

[112]. The neutrino spectrum produced by these protons

retains the break:

dNν 2
E = Aaν ·
dEν ν
where the break energy



Eνb = 108 GeV,

Eν−1
for Eν < Eνb
Eν−3.5 for Eν > Eνb

(1.87)

and the normalization, assuming the power

in UHECR is of the same level as the electromagnetic emission in GRBs, is set to

Aaν = 10−10 GeV cm−2 s−1 sr−1

[112].

Chapter 2

The IceCube Neutrino Observatory

The IceCube Observatory was constructed with the aim of opening wide yet another
window for observing the universe - to reveal the neutrino sky. To achieve this objective,
the detector, besides just detecting neutrinos, has to be capable of reconstructing the
energy and direction of neutrinos.

How well that can be achieved depends on the

neutrino avor, energy and interaction (i.e. charged current or neutral current). The
general strategy to achieve such capability is common to all similar projects. It involves
constructing an observatory by equipping a huge volume of an optically clean medium
with light detectors and to measure the Cherenkov radiation produced by the secondary
particles of the neutrino interaction.

2.1 High-energy neutrino detection
In this section, we provide an overview of the techniques for high energy neutrino detection. We include a brief summary of the neutrino properties and the relevant secondary
particle properties. Many of the discussed aspects are more general, applicable to other
detectors than IceCube, such as BAIKAL-GVD, Antares, and KM3Net.
First, we summarize the interaction of neutrinos and the cross-sections. Next, the
Cherenkov eect is discussed. Finally, we describe the actual event topologies as observed in the detectors.

2.1.1

Properties of neutrinos

Neutrinos are neutral fermions, never observed directly, only via their weak interactions
- the only interactions allowed for neutrinos in the Standard Model (SM) of particle
physics.

There are three avors of neutrinos (νe ,

using their weak interactions, e.g.

νe

νµ ,

and

ντ )

and those are dened

is the neutrino produced together with a positron

or absorbed to produce an electron. These are the weak eigenstates and they are not
conserved as a neutrino propagates. The phenomena is called neutrino oscillations and
was discussed in section 1.3.2.
either Dirac fermions (i.e.
Majorana fermions (i.e.

As massive neutral fermions, the neutrinos could be

the particles and antiparticles being dierent,

ν = ν̄

ν 6= ν̄ )

or

and consequently the lepton number is violated).

If the neutrino interaction is mediated by a

Z0

boson we call it a neutral current

(NC) interaction as opposed to a charged current (CC) interaction mediated by a

W±
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boson. Fig. 2.1 shows the relevant Feynman diagram for the NC while Fig. 2.2 shows the
CC diagrams. Since neutrinos are detected via their interactions with matter, only the
target particles present in normal matter are included in the listed Feynman diagrams.

ν` , ν¯`

ν` , ν¯`

Z0

q, q̄, e−

q, q̄, e−

Figure 2.1: Feynman diagrams for neutral current (NC) neutrino interactions.

ν`

W−

W+

¯ νe
u, d,

d, ū, e

`¯

ν̄`

`

u, d¯

d, ū

Figure 2.2: Feynman diagrams for charged current (CC) neutrino interactions.

At energies relevant for IceCube, the processes in Figs. 2.1 and 2.2 can be split
into two groups: the nucleon Deep Inelastic Scattering (DIS), and interactions with the
electrons from the atomic shells.
Neutrino-electron scattering is sub-dominant for most of the energy range to any
neutrino-nucleus interaction because of its small target mass. Notable exception is the

W + production. At
this so called Glashow resonance, the cross-section of the ν̄e e → ν̄e e and ν̄e e → ν̄µ µ is
energy range close to

Eν̄e = 6.3 PeV,

i.e. the energy for resonant

greatly enhanced and becomes by far the most dominant process [117]. Fig. 2.5 shows
this resonance together with the DIS cross-sections.
Fig. 2.3 shows the DIS cross-section for

νµ

and

ν̄µ .

For the DIS at low energies,

the cross-section scales proportionally to the neutrino energy.

At these energies, the

neutrino probes the valence quarks of the nucleon, i.e. no anti-quarks from the sea are
accessible.

Hence, cross-section for

ν̄µ

is about a factor of 2 lower than for

consequence of the helicity suppression [117].

νµ

as a

σCC / Eν (10-38 cm2 / GeV)
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ν̄µ

and
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300 350
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on nucleons at low energies.

The cross-

is helicity suppressed by a factor of about 2. Plot taken from [9].

Figure 2.4: Plot taken from [118].

With the growing energy of the neutrino, two changes to the DIS cross-section can
be seen.

As Fig. 2.4 shows, at about

growth is reduced.

2
1/(Q2 + MW/Z
).

105 GeV

the slope changes as the cross-section

This reduction is because the propagator term is proportional to

At rst, the mass term dominates over the energy transfer term and

the propagator term does not diminish so rapidly.
Second change is that the cross-section dierence between neutrinos and anti-neutrinos
disappears. As

Q2

grows, the DIS starts probing the quark sea, which contains the same

number of quarks and anti-quarks, and therefore there is no reason for the dierence.
Fig. 2.5 shows the cross-sections at ultra-high energies. For DIS, they keep growing
and an important consequence for experiments detecting astrophysical neutrinos is that
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2
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ν̄e e− → ν̄µ µ−

10-32

10-33

ν µ N → µ− X

10-34

ν̄e e− → ν̄e e−

νµ N → νµ X

10-35
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ν̄µ e− → ν̄µ e−

10-37
13
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1014
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10
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18

10

Neutrino Energy (eV)
Figure 2.5: Neutrino cross-sections for scattering of nucleons and electrons at the highest
energies.

The Glashow resonance is clearly visible at

Eν̄e = 6.3 PeV.

Plot taken

from [117].

Earth becomes opaque above about

1 PeV.

The exact value depends on the zenith as

the distance the neutrino has to travel trough Earth is important.
A general property of neutrino interactions is the small value of all the cross-sections
discussed above compared to QCD or EM cross-sections. For this reason, large detectors
are needed in order to collect signicant event statistics for astrophysical neutrinos.

2.1.2

Cherenkov Radiation

After a neutrino has interacted, the secondaries have to be detected in order to infer the
properties of the parent. At high energies, in a sparsely instrumented and transparent
detector medium, the underlying process allowing for charged particle detection is the
Cherenkov radiation.
When a charged particle passes trough a dielectric material, it locally polarizes the
atoms and molecules creating small dipoles. The dipoles will relax back to a neutral
state as the particle moves away. The dipoles energy is absorbed by the medium for
slowly moving particles, or radiated as spherical EM waves for fast particles. In case the
particle velocity is above the phase velocity of light in the medium, the wavefronts of
the radiated EM waves can meet in a constructive interference, giving rise to Cherenkov
radiation [119]. This gives a threshold condition on the particle velocity

βth :

2.1. High-energy neutrino detection

βth =
where

n
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v
1
≥ ,
c
n

(2.1)

is the phase refractive index of the medium. The Cherenkov Radiation will be

emitted at angle

θC

1

with respect to the particle velocity vector :

θC = arccos

1
.
βn

(2.2)

The number of photons radiated per unit of the particle track length
of wavelength

where

z

dλ

dx

and unit

is given by the Frank-Tamm formula [122]:

is the particle



dN
1
2πz 2 α
1
−
,
=
dxdλ
λ2
n2 (λ)β 2
.
charge, α = 1/137 is the ne-structure

(2.3)
constant,

n(λ)

is the

wavelength dependent phase refractive index, i.e. taking into account the dispersion.
Due to the

1/λ2

dependency, the emission will be peaked towards the blue and ultra-

violet wavelengths and if the radiator is transparent the light can be detected.
In the case of the IceCube detector, the active medium in which the Cherenkov
light is produced is the deep polar ice. For this wavelength range, the Cherenkov angle
dened in Eq. 2.2 is between

41.0◦

and

40.2◦ .

Integrating the Frank-Tamm formula

(Eq. 2.3), while taking into account the wavelength dependent phase refractive index
and the relevant wavelength range is 350 to 600 nm, gives an expected light yield of
230 photons per centimeter of the particle track.

2.1.3

Event topologies

Depending on the type of secondaries produced in the interactions of high energy neutrinos, described in section 2.1.1, two distinct event topologies will be observed, track-like
and cascade-like.

In the following these topologies are described together with their

advantages and disadvantages for extracting information about the parent neutrino.

2.1.3.1 Track-like events
Very high energy muons are produced in CC interactions of muonic neutrinos. Muons
from CR air showers can also reach the detector and are the major source of background.
High energy muons lose energy via continuous ionization, and stochastic processes
such as bremsstrahlung, photonuclear interaction and electron pair production.

The

energy losses due to the latter three interactions are very similar and they dominate
above muon energies of

700 GeV

[123].

Fig. 2.6 shows a simulation of a high energy

muon in water and the stochastic nature of the energy losses. The occurrence rate and

1

The emission direction is not perpendicular to the wavefront for a dispersive medium [120, 121].
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the magnitude of the stochastic losses are energy dependent and this information is
used for energy reconstructions (see section 2.6).

Figure 2.6: Geant4 simulation of

5 TeV µ+

in water. Only charged particles are plotted,

negative in red, positive in blue. The non-uniform stochastic losses are clearly visible.
Plot taken from [124].

The average energy losses can be parametrized as:

dE
= a + bE,
dx
where for ice

a ≈ 0.27 GeV/mwe

and

(2.4)

b ≈ 0.47 × 10−3 1/mwe

with stochastic losses

included [123], mwe stands for meter of water-equivalent. For the reach of muons in

103 TeV

muon

As a consequence, a detector can register muons produced very far away.

The

ice, this means that a
penetrates

2 TeV

muon on average penetrates

5 km,

while a

20 km.

advantage of this is that the detector eective area exceeds what would correspond to
its physical size. As a disadvantage could be regarded the fact that any measurement
of the muons energy yields only a lower bound as losses prior to reaching the detector

2

are unknown .
Most muons above

300 GeV

will traverse a

1 km

scale detector. Along their path,

they will emit Cherenkov light and undergo stochastic losses.

Additional Cherenkov

light will be produced from the secondaries and the light yield from secondaries will
actually dominate above muon energies of

1 TeV

[124]. The light will be registered in

the detector and can be easily recognized as a track. Fig. 2.7, in the left-hand panel,
shows a track-like event as measured in IceCube.

2

With the exception of muons starting in the detector, which also happens.

2.1. High-energy neutrino detection
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The interaction kinematics at high energies ensures that the muon is pointing almost in the same direction as the parent neutrino.
proportional to the neutrino energy and at

10 TeV

The kinematic angle is inversely
it is about

0.1◦ .

Also the typical

reconstruction is very accurate, in the case of IceCube the median angular resolution is
below

0.4◦ .

This makes the track-like events very useful for neutrino astronomy.

(a) Track-like event
Figure 2.7:

(b) Cascade-like event

Examples of tracks-like and cascade-like events in IceCube.

The color

bubbles indicate a DOM registering light. While the bubble size is proportional to the
amount of light registered, the arrival time is color coded from red corresponding to
rst hits to late hits in blue.

2.1.3.2 Cascade-like events
Compared to muons the other secondaries produced in neutrino interactions will lose
energy much more rapidly. These secondaries are electrons, positrons or hadrons and
they are produced in both NC and CC interactions. The electrons and positrons will
cause electromagnetic showers, while the hadrons will cause hadronic showers. In general, the size of particle showers scales logarithmically with energy, therefore even the
largest showers can be contained within a cubic kilometer detector.
A cascade-like event is shown in the left-hand panel of Fig. 2.7.

An advantage

for these events is that the energy is fully contained and can be measured similarly
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to calorimeters.

From calorimeter point of view the whole detector being a sparsely

instrumented active medium.

The performance of the energy measurement is very

good for cascades because of the calorimetric nature of the measurement and because
there are no energy losses prior to the cascade in the detector.

As expected for a

calorimeter, the energy resolution improves with energy, from 30% at
at

100 TeV

100 GeV

to 8%

[125].

The disadvantage for these events is that given the sparse instrumentation and the
shower properties, the directional reconstruction for cascades is dicult. The typical
angular reconstruction is of the order of

15◦

to

20◦ .

2.2 The IceCube detector
The IceCube detector [126] is located near the South Pole with the IceTop sub-detector
at its surface [127] and the main part of IceCube buried deep in the ice. The polar ice

2810 m thick
1450 m to 2450 m.

3

sheet in about

at the IceCube site , the detector itself is located between

depths of

A sub-array intended to lower the energy threshold, called

DeepCore [128], is installed inside the volume of the main array. Fig. 2.8 depicts the
detector layout.
The IceCube detector was built by drilling deep holes into the antarctic ice. The
drilling process uses hot water to melt the ice. After completing the drilling 60 DOMs
were lowered into each hole. These 60 DOMs are connected to a cable which provides
structural support during installation, before the DOMs freeze into the ice, and power
supply and communication line during detector operation. The cable with the DOMs
attached to it is called a string. On standard strings the DOMs are

17 m

apart while

for DeepCore the vertical spacing is reduced. The DeepCore sub-array has two separate
parts, a smaller one above the dust layer and a larger one below. These two parts are
formed by introducing a vertical gap for the DOMs on the string: 10 DOMs with spacing
of

10 m are placed above the dust layer and the remaining 50 DOMs with spacing of 7 m

below it.
There are 86 strings with 5160 DOMs in total including 8 modied strings for
DeepCore.

The main array's 78 strings are horizontally distributed in a hexagonal

pattern. The average distance between the strings is

125 m resulting in an instrumented

3
volume of about 1 km . The DeepCore strings are placed in the central part of the main
array with inter-string spacing of

42 m

on average.

The detector construction on the South Pole could be done only during Austral
summer and it took several years to complete. The work commenced during 2004-2005
and it was completed in the 2010-2011 season. Before the full detector of 86 strings was
available, partial congurations were already taking data operating with 1, 9, 22, 40,

3

The bedrock depth is important parameter in the simulation of up-going events.

2.3. Optical Properties of the Deep Polar Ice

Figure 2.8:

The IceCube Detector Layout.
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IceTop, the surface array consists of 81

stations, the IceCube strings are deployed below. The colors at the top of the strings
indicate the dierent construction phases. The completed detector has 86 strings with
60 DOMs each, 8 DOMs with denser DOMs arrangement for the DeepCore.

59, and 79. Throughout this work, we will use the following naming convention: IC40,
IC59 and IC79 stand for data samples of the 40, 59, and 79 string congurations and
IC86-I to IC86-IV for the four yearly samples of the completed detector.
The IceTop surface array consists of 81 stations at the top of the strings, each station
has two tanks lled with water which was frozen in a controlled process. Every tank
is equipped with two standard DOMs resulting in 324 sensors in total. IceTop detects
air showers by measuring the Cherenkov light produced as the charged particles pass
trough the tanks.

2.3 Optical Properties of the Deep Polar Ice
The polar ice within which the IceCube detector is deployed has very good optical
properties in terms of absorption and scattering. The quality of the optical medium is
not homogeneous over the detector volume and has to be determined as precisely as
possible for the sake of accurate event reconstructions and realistic simulations.
At shallow depths, the ice optical properties are compromised by air bubbles but as
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the pressure increases with the depth, the air collapses into solid air-hydrate clathrate
crystals [129]. This transition happens over few hundred meters of depth and reaching

1500 m

all the air bubbles are transformed into air-hydrate. The air-hydrate has

almost identical refractive indices as ice and therefore the boundary with the ice doesn't
aect the passing light. For this reason, the detector was deployed below

1450 m

where

the optical properties are not aected by the bubbles anymore and are limited by the
concentration of dust particles.
As the IceCube DOMs are equipped with asher LEDs (see Sec. 2.4), the detector is
capable to providing measurements to determine the optical properties. The procedure
is repeated every few months during the so called asher runs.

It involves emitting

light one by one from all the DOMs and detecting it in the rest of the detector. The
emitted light can be detected up to

500 m

from the emitter and therefore the full set of

measurements provide extensive data for the optical properties modeling.
The ice properties are modeled by six global parameters described in [129, 130]
related to the physical properties of the ice, and three depth dependent parameters: the

4

temperature , the eective scattering coecient at
coecient due to dust

5 at

400 nm adust (400).

400 nm be (400), and the absorption
be (400) and adust (400)

The values of

are related to the dust particle concentrations; the depth dependence is accounted for
by using

10 m

bins, and

1/be (400)

and

1/adust (400)

give the average free path before

scattering and absorption, respectively.
To obtain the nal ice model, the parameters are set to initial values based on
previous calculations or averages over the detector. Photon propagation code (PPC),
a simulation software using the capabilities of graphics processing units (GPUs) to
trace photons through a given geometry and optical conditions, is used to simulate
the result of the asher runs. This simulation is then compared to the measured data
and the parameters are varied to obtain better agreement.

It takes 20 iterations to

x the ice model and the exact work-ow can be found in Table 1 in [130].

The

resulting ice model is called SPICE MIE and Fig. 2.9 shows the values of the eective
scattering coecient
dust.

be (400)

together with the direct measurement of the amount of

The direct dust measurements were performed for few strings during the hole

drilling process using a device called dust logger [132, 133]. The eective scattering
coecient and the dust logger measurement are in excellent agreement.
around the depth of

2050 m,

The region

reered to as the dust layer, contains a higher density

of dust particles (probably left by a volcanic eruption) and the scattering coecient is
signicantly higher.
A slight azimuthal dependence of the light propagation in the ice was observed [134],
on a microscopic level the eect is not understood but it is consistent with introducing

4
5

The temperature varies from

−50 ◦C

at the surface and

The total absorption coecient is a sum of

from pure ice.

adust (400)

−6 ◦C

at the bedrock [131]

and a temperature dependent contribution
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Figure 2.9:

The black solid line shows the values of the eective scattering coe-

be (400)

cient
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as a function of the depth. In red the scaled measurements of the dust

logger [132, 133] are shown.

The two independent methods show an excellent agree-

ment. The so called dust layer is the region with increased scattering around

2050 m.
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Figure 2.10: The eective absorption coecient
scattering coecient

corresponds to SPICE MIE ice model and the black curve to SPICE LEA. The axis on
the right of both graphs shows the inverse value of the coecients corresponding to the
absorption and scattering length. The plots were taken from [134].

less scattering in one direction and more in the perpendicular direction. The ice model
improving SPICE MIE by introducing the light propagation anisotropy is called SPICE
LEA. Fig. 2.10 shows the nal values for

be (400)

and

adust (400)

for SPICE MIE and

SPICE LEA. The coecients for scattering and absorption are strongly correlated, and
the average free path for scattering is shorter by a factor of few than the average path

6

before absorption . This means that the majority of the photons detected by the DOMs

6

The situation is reversed for the ANTARES neutrino telescope, where in the deep see water the

eective attenuation length is shorter than the eective scattering length [135]
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have been scattered.
To calculate the speed of light in the ice, the group refractive index is used while for
the calculations for the Cherenkov light emission (see Sec 2.1.2), the phase refractive
index is the relevant quantity. Both these indices are wavelength dependent and fourth
degree polynomials are used as an approximation [120].

2.4 Digital optical modules
The basic building blocks of the IceCube detector are the DOMs [136, 137] shown in
Fig. 2.11. Their main purpose is to detect photons, digitize the detected signals and
transmit them to the surface.

In addition, they are able to emit short light ashes

which are used to determine the optical properties of the instrumented medium, for
calibration and testing of the reconstruction algorithms.

Figure 2.11: The IceCube digital optical module: inside the glass pressure housing there
is the downward facing PMT with the electronics and the power supply mounted above
it.

The core component of the DOM is a

252 mm (10 inches)

diameter Hamamatsu

7
R7081-02 photomultiplier (PMT) installed in the lower half of the DOM, facing in the
downward direction. The PMTs are sensitive to the wavelength range of
with quantum eciency of 25% at
relevant temperature range (−40

300 −650 nm
300 Hz in the

390 nm. The dark count rate is about
−20 ◦C) which was achieved using

◦C to

low radioac-

tivity glass with low potassium content.

The PMTs are installed in the lower half of a spherical glass pressure housing and
room temperature vulcanization (RTV) gel is used to ensure good optical coupling. The

7

The DeepCore [128] DOMs are equipped with a new version of the PMT, the R7081MOD, with

higher quantum eciency.

2.4. Digital optical modules
housing is

13 mm (0.5 inch)
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thick and can withstand a pressure of up to

70 MPa.

The

RTV gel and the glass of the housing combined reduce the optical transmissivity of the
system at short wavelengths, eectively setting a cuto at

350 nm.

The DOM's main board with the readout electronics is installed within the pressure
housing, above the PMT. In the rst step of the readout chain, a trigger condition is
applied requiring the signal to be higher than 0.25 photoelectrons (PE). If this condition
is fullled, the signal is sampled by an analog transient waveform digitizer (ATWD).
The ATWDs used have four channels; to three of them the signal is supplied with three
dierent gains to increase the dynamic range, the last channel can be used for high
speed monitoring of the electronics or the light ashers. With a sampling frequency of

303 MHz,

the ATWD records 128 samples, corresponding to a time window of

422 ns.

Nevertheless, this signal processing including the digitalization and the data transfer
takes

29 µs,

much longer than the sampled time window which would result in a long

dead time for the detector. For this reason, there are two ATWDs in each DOM and
they alternate in processing the signals, while one is busy the other one is available for
the next trigger. As physics signals can be longer than the time window of the ATWD
sampling, an additional FADC is available on the main board. The PMT output signal
is amplied, shaped and digitized by the FADC with 256 samples taken,
resulting in total sample time window of

6.4 µs.

25 ns

each,

The combined digitized waveform is

called a DOMLaunch.
Inside the pressure vessel, there are also the rest of the components necessary for
the operation including the power supply, memory modules for storing the information
before sending it to the surface, and the electronics for sending and receiving data. The
same twisted pair of wires is used for delivering electric power to the DOM and for the
communication with the surface. It enters the DOM via a specially designed penetrator
able to withstand high pressure.

An important component is the local-coincidence

module, which is able to send and receive coincidence signals to the adjacent DOMs
(below and above) using a second pair of twisted wires.

The coincidence signal can

be forwarded trough the DOM further to the next DOM allowing to construct multicoincidence ags, a key concept for the IceCube event triggers.
Each DOM is equipped with a total of 13 LEDs controlled by the asher board. One
LED is operated at very low intensities and sends precisely timed light pulses into the
PMT of the same DOM. This LED is used for monitoring the PMT's single PE pulses
and the transit times. The remaining 12 LEDs emitting at

355 nm are distributed along

a horizontal plane in the upper part of the DOM close to the pressure vessel's inner
surface.

Six of them are pointed horizontally and six are pointed upwards at a

42◦

angle. They can be individually controlled to deliver pulses of various intensities and
timings.

This system is a useful tool for articially injecting known signals into the

IceCube detector used for simulating and calibrating distant DOMs, measure the ice
optical properties and mimic physics events.
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2.5 The IceCube trigger
Continuous recording of all DOMLaunches is unrealistic and unnecessary.

Instead,

simple conditions called triggers, which can be evaluated in a very short time, are
applied to decide whether to read out the full detector.

Global selection criteria are

applied on triggered events later in the data acquisition chain, these are called lters.
At the lowest level, a physics event starts as a DOMLaunch. In case a message from
a neighbor or a next-to-neighbor DOM is received within

±1 µs that there was a DOM-

Launch as well, the DOMLaunch becomes a Hard Local Coincidence (HLC) launch.

For a HLC launch, the full digitized information is transmitted. In the opposite case,
the DOMLaunch is treated as a Soft Local Coincidence (SLC) launch and only reduced information is recorded: the ATWD sampling is aborted and the FADC produces
16 samples, only the highest sample and the two samples next to it are transmitted.
The trigger relevant for this work is the Simple Multiplicity Trigger.

This trig-

ger continuously monitors each string for the number of HLC launches within a time
window. In the standard conguration, the requirement is 8 HLC launches within
hence the label SMT-8.

launches of the whole detector, within an extended time window, are recorded.
extended time window adds
form a

15 µs

5 µ s,

Once the trigger condition is fullled, the HLC and SLC

4 µs

before the

5 µs

of the SMT-8 and another

6 µs

The

after to

readout window.

Besides the SMT-8 trigger, there are other triggers tuned for specic tasks as for
instance low energy events and/or DeepCore events.
an event rate of about

2.5 kHz.

All triggers combined produce

This rate and the corresponding volume of data is

too large to transmit from the South Pole Station.

Nevertheless, the trigger rate is

low enough to allow for feature extraction - processing of the digitized waveforms
and obtaining the arrival times and the signal magnitude in PE, i.e. obtaining the so
called pulses. Simplied reconstructions are performed at the Pole and the events are
classied (ltered) further reducing the the rate by factor of about 10. At this point,
the data is sent to the northern hemisphere via a satellite link.

2.6 Data processing, reconstructions and event selections
Once the data arrives to the northern hemisphere, a series of reconstructions and selection procedures are applied to dene the event samples for the nal analyses. Multiple
nal event selections exist, they are optimized to provide the best performance for a
given set of analyses. The IceCube samples used in this work were selected and processed by members of the collaboration including the author of this thesis and were
made available for high level analyses.

In the following, we will rst summarize the

various reconstruction techniques for providing the individual event information, i.e.

2.6. Data processing, reconstructions and event selections
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the direction and energy . Then, we will proceed to describe the samples used in this
work.

2.6.1

Event reconstructions

To obtain the estimates for the particle direction and energy (energy lower limit in
the case of track-like events), various reconstruction algorithms are used.

The gen-

eral approach it to obtain the direction and position in the detector of the event rst,
then evaluate the energy estimation under the assumption of that position. The reason
behind this is that the assumed position can aect the outcome of the energy reconstruction as a dierent assumed origin of a photon leads to dierent arrival probability
to a DOM. In the case of charged current cascade-like events, the energy deposited in
the detector is directly an estimate of the neutrino energy. For muons, the situation is
more complicated as not only the muons lose energy before arriving to the detector, but
for most of the energy range they also leave the detector. An additional step is required
to obtain from energy deposited in the detector the total energy of the muon when entering the detector. A relation between the energy loss rate and the energy is used. In
the following we describe some of the reconstructions, namely the ones used in this work.

LineFit directional reconstruction:

This is a simple and fast algorithm modeling

the Cherenkov light as a plane wave perpendicular to the muon direction and traveling with the same speed as the muon. Therefore, all the directional eects from
the Cherenkov cone are ignored as well as the detailed ice properties. One of the
uses of the LineFit is to seed more advanced algorithms.
To obtain the reconstructed track, the following

χ2 =

N
hit
X
i=0

where the sum is over the

Nhit

r

and

v

function is minimized [138]:

(r i − r + vti ) ,

pulses on the DOMs,

DOM at which the photons arrive at time
are

χ2

ti

(2.5)

ri

is the position of the

ith

to create a pulse. The t parameters

- a vertex position and velocity (direction).

The minimization is solved analytically by:

r = hr i i − vhti i and v =
8

The arrival time is provided by the trigger system

hr i ti i − hr i ihti i
.
ht2i i − hti i2

(2.6)
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The most recent versions of the algorithm improve the performance by discarding
late pulses and penalizing pulses on DOMs too far from the track [139]. The method
median angular resolution at high energies is of the order of a few degrees.

Single-PhotoElectron (SPE) likelihood directional reconstruction:
reconstruction of the likelihood t type.

A directional

The log likelihood function is dened

as [138]:

log L =

X
i

log P (xi |a),

(2.7)

P (xi |a) is the probability of DOM hit xi given a track hypothesis a =
(x, y, z, θ, φ). To construct the probability P , a continuous Cherenkov cone emiswhere

sion along the track is assumed. The second ingredient is the photon propagation
to the DOMs.

The analytical Pandel function [140] is used in the simpler case.

Alternatively, for more precise description, the SPICE LEA ice model (in older
versions the SPICE MIE model) is used to generate spline tables for photon propagation. Using these for the probability

P,

the ice properties and inhomogeneities

are accounted for. The reconstructed track is a result of numerical maximization
of the likelihood function. The result of the LineFit reconstruction is usually used
as a starting point for the likelihood maximization. For this reconstruction, only
the rst photon arriving on the DOM is considered. The rst photon arriving has
traveled the shortest path, i.e. it suered the least from scattering and provides
best information about the track.

Multi-PhotoElectron (MPE) likelihood directional reconstruction:

For low en-

ergy events, it is sucient to work with the rst photon. However, for high energy
events many photons can reach a given DOM and they carry information that can
be used in addition to the rst hit. To make use of the photons arriving after the
rst hit,

P (xi |a)

from Eq. (2.7) is modied to:

P 0 (xi |a) = Ni · P (xi |a) ·
where

Ni

Z

Ni −1

∞

ith

DOM,

hit probability for the rst photon, which arrives at time

Ni − 1

photons arriving after

As in the case of SPE, the probability

P

(2.8)

t1

is the number of photons observed at the

probability for the

,

P (x|a)dt

ti .

P (xi |a)

is the DOM

The last term is the

ti .

can be either obtained using the Pandel

function or the spline tables. The IceCube naming convention uses MPE for the
Pandel based reconstruction and SplineMPE in case spline tables were used.
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Angular uncertainty estimation - Paraboloid:

59

The angular uncertainty estimate

plays an important role in point source and correlations analyses. It is used as a
signal spatial PDF, for details see sections 4.2 and 5.3. For the likelihood based
directional reconstructions, an estimate of the angular uncertainty is obtained by
scanning the directions around the best-t track. The likelihood values from the
scan are tted with a two-dimensional paraboloid function. If a plane of a constant
log-likelihood is dened at a distance 1/2 from the minimum, the intersection with
the paraboloid will dene an ellipse. This ellipse corresponds to a

1σ

condence

region [141]. Usually, instead of using the ellipse the angular uncertainty is dened
as:

r
σparab. =
where

σ12

and

σ22

σ12 + σ22
,
2

(2.9)

are the major and minor ellipse axes.

Alternatively, if the sample size is small, the full likelihood scan map can be used
for the purpose of a signal spatial PDF.

MuE Track energy reconstruction:

Once a best-t track is obtained by one of the

directional reconstructions, an energy reconstruction is applied. The light yield of
both the track-like and cascade events scales linearly with energy [125]. This allows
for using simulated template events with a known light yield to estimate the light
yield of other events by a simple energy scaling:

λ = ΛE + ρ,

(2.10)

Λ is the number of photons for the template, and λ is the number of photons
of an event E times more energetic than the template, the expected number on
noise hits ρ is added.
where

A likelihood function is constructed assuming Poissonian statistics:

L=
=

Y λki
i

i

ki

· e−λi

Y (Λi E + ρ)ki
i

where

ki !

ki !

(2.11)

−(Λi E+ρ)

·e

is the number of observed photons at the

maximizing the likelihood

L

ith

,

DOM. The energy is obtained

with respect to the scaling factor

E.
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MuEx Track energy reconstruction:

An improved version of the MuE energy re-

construction, introducing a more detailed treatment of the systematic uncertainties
on

λ

by introducing a kernel function

L=

G(λi , λj ):

∞

YZ

G(λi , λj )

0

j

λki i −λi
· e dλi .
ki !

The kernel function denition can be found in [125].

(2.12)

For muons, in addition a

relation between the deposited energy and the muon energy has to be used, worsening the resolution. For the MuEx method, the energy resolution is about 35%

log10 E for muon detector
log10 E at 106 GeV [125].

in

entry energy of

104 GeV

Millipede energy and directional reconstruction:

improving to about 30% in

The muon stochastic energy losses

become more important as the energy grows. To better model this behavior, the
event is split into 15m segments and each of those is treated as independent.
Eq. 2.10 is modied to:

X

λ=

Λi Ei + ρ.

(2.13)

segments
This reconstruction can be performed in a variant which also leaves the track position/direction as a free parameter, improving both the energy and direction reconstructions.

2.6.2

Atmospheric neutrinos

A large irreducible background for astrophysical neutrino searches are neutrinos produced in CR induced atmospheric showers. In the cascading processes, many charged
pions are produced and also a smaller amount of charm mesons. The pions and kaons
produce the so called conventional atmospheric neutrino ux, while the charm mesons
are responsible for the prompt component.
The energy dependence of the conventional ux is given by the spectrum of the
parent CRs and at higher energies by the muon lifetime. Fig. 2.12 shows the gradual
transition, below

100 GeV

the spectral index is around 3, but the spectrum steepens to

reach spectral index of about 3.7 [142].
The muon lifetime aects the spectra because as the energy grows, muons will reach
the Earth surface and interact before decaying. The onset of the eect starts at lower
energies for vertical muons than for inclined muons because of the increasing distance
to travel before hitting the ground.

Hence, the zenith dependence of the ux.

The

2.6. Data processing, reconstructions and event selections

(a) Atmospheric neutrino ux energy dependence averaged over all directions. Plot
taken from [142]
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(b) Atmospheric νµ ux zenith dependence for
neutrinos with energies 1, 10, and 100 TeV.

Figure 2.12: The properties of the atmospheric neutrino ux.

eect is stronger for electron neutrinos since they are all produced in muon decays, in
contrast to muon neutrinos which originate also directly from the charged pions.
As the energy grows further even the charged pions and kaons interact and the
prompt contribution from charm mesons becomes dominant [143].

5
estimated to be at 10 GeV to

The transition is

106 GeV for vertical neutrinos and grows with zenith.

The author of this thesis took part in the eort to implement the atmospheric neutrino
uxes from [142] in the IceCube software framework. Fig. 2.13 shows the atmospheric
neutrino uxes as measured by IceCube compared to model predictions.
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Figure 2.13: IceCube measurement of the muon and electron neutrino uxes. Comparisons with conventional models is shown and the level of expected prompt contribution
as well.

The plot was taken from [144] where also the references to the models and

analyses can be found.

2.6.3

IceCube data samples

In the following we will describe the various IceCube data samples used in this work.
To characterize the selection eciency we will use the eective area
For the denition of

Aeff ,

Z
Aeff (Eν , θ)
Eν

T

Nν

of a sample.

the formula for the event count is used:

Nν = T
where

Aeff

dΦν (Eν )
dEν ,
dEν

(2.14)

is the number of neutrinos measured and selected during the time window

for a dierential ux

dΦν (Eν )/dEν .

The eective area

Aeff

can be interpreted as

the area of an ideal detector with perfect eciency for neutrinos which would register

Nν

events for the given dierential ux

dΦν (Eν )/dEν .

Note, that the eective area

characterizes simultaneously both the detector performance and the event selection.
The eective area, however, does not fully characterize the samples' performance
for an analysis. It is a measure of how eectively neutrinos are obtained, but omits to
tell how much background is included. Also the quality of the events is an important
factor, events with better angular resolution are more useful than badly reconstructed
ones. The background level for these high quality events is eectively lower.

2.6.3.1 Point source samples
The so called point source (PS) samples are set of annual event selections optimized,
as the name suggests, for nding neutrino emission from astrophysical point sources.

2.6. Data processing, reconstructions and event selections
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A sample of well reconstructed tracks with a good angular resolution is required, thus,
cascade-like events will be rejected. The event selection has been identical for the last
three years (IC86-II to IC86-IV). However, before that, because of the growing detector
and the progress in understanding the event topologies, the selections used to change
from year to year.
Nevertheless, the backgrounds to consider and the corresponding strategies to reduce
them remain the same.

From this point of view, the sky can be divided into two

regions, the northern and southern sky, based on the background properties.
horizon separating the two regions is set to a declination

δ=

The

5◦ as for the truly horizontal

regions, particles have to cross a substantial amount of ice.
For the southern sky, i.e. for down-going events, the main background are muons
from atmospheric showers.

There is a high multiplicity of such muons and in most

cases they are indistinguishable from neutrino induced events, except for a small range
of directions where the IceTop array is used as a veto. As the spectrum of atmospheric
muons is much softer than the expected

E −2

for astrophysical neutrino sources, higher

energy events are preferentially selected for the down-going sample.
Atmospheric muons are often produced in bundles, i.e.

multiple muons from the

same shower. In the detector, the Cherenkov light of the muons in the bundle adds up
and is reconstructed as a single muon of higher energy. Nevertheless, a bundle of muons
will have a dierent energy loss pattern. This is due to the fact that the magnitude and
distribution of the stochastic losses along a muon track is energy dependent. A single
higher energy muon will have larger uctuations in the energy losses along its path than
a bundle of lower energy muons. Therefore, tight track quality requirements and the
use of the energy deposition patterns reduce the background. Still, the down-going part
of all the PS samples is dominated by atmospheric muons.
For the northern sky, i.e. up-going events, the situation is dramatically dierent.
The detector is shielded from atmospheric muons by Earth. Hence, an up-going tracklike event is either neutrino induced or a result of badly mis-reconstructed down-going
muons. The mis-reconstruction of events can be caused by two coincident muons from
two coincident atmospheric showers. The irreducible background, which dominates the
up-going part of the PS sample, is formed by atmospheric neutrinos.
The event selection procedure for this part of the sky focuses on rejecting the misreconstructed events.

Evaluating the consistency of the pulse arrival times with the

reconstructed muon motion can help recognize such events.

Another approach is to

use the goodness of t measure that the likelihood based reconstructions intrinsically
provide. The consistency of the reconstruction is also assessed by splitting the pulse
series in half (in the time or space domains), performing the reconstructions on each of
the halves and comparing the directions.
For each of the PS events selections, a set of variables with a good discrimination
power is selected for the down-going and the up-going region.

These are then used
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to train a Boosted Decision Tree (BDT) - a multivariate classier [145].

The nal

samples are obtained by applying a cut on the BDT. The author of this thesis contributed in the automatizing the processing for the future point source samples within
the IceCube production system. The zenith dependent value of the cut is a result of an
optimization procedure which maximizes the discovery potential of a time-integrated
clustering analysis [146149].

Tab. 2.1 lists the time periods covered by the samples

together with the number of events selected for the down-going and up-going regions.
sample

start

start

end

end

down-

up-

livetime

date

MJD

date

MJD

going

going

[days]

IC59

20.5.2009

54971

31.5.2010

55347

58916

48653

348

IC79

1.6.2010

55348

13.5.2011

55694

64080

74574

316

IC86-I

13.5.2011

55694

15.5.2012

56062

69227

69095

333

IC86-II

15.5.2012

56062

2.5.2013

56414

31713

72450

IC86-III

2.5.2013

56414

6.5.2014

56783

35124

80005

IC86-IV

6.5.2014

56783

18.5.2015

57160

36183

82133

1058

reference

[146]
[147]

[148, 149]

Table 2.1: Overview of the point source samples used in this work.

IC59

The oldest sample used in this work with a substantial part of the detector

missing. The sample has higher rate of background and the worst angular resolution. MPE reconstruction is used for the track detection and MuE for the energy
reconstruction.

IC79

Only seven detector strings are missing for this sample, which signicantly im-

proves the performance. The angular resolution is better than for IC59, but not as
good as for the samples with the complete detector. The improved reconstructions
used for the complete detector samples are responsible for the dierence, rather
than the few missing strings. As for IC59, MPE is used for the direction and MuE
for the energy.

IC86-I

The rst sample to use the complete detector. Both the directional and energy

reconstructions were exchanged for the improved versions: SplineMPE and MuEx.

IC86-II to IV

These three samples were produced with identical settings.

In the

down-going region, the lower rate of events is due to a tighter selection which
reduces the eective area, but reduces even more the atmospheric muon background.
SplineMPE is used for obtaining the tracks' directions, while MuEx provides the
energy.
Fig. 2.14 shows the eective area for the PS samples as a function of energy. For
the up-going regions, the eective areas of the four samples are very similar. For the
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(d) Up-going, declination 30◦ to 90◦
νµ + ν̄µ

ux of the PS samples as a function of the

neutrino energy calculated using simulation. The values are averages over the indicated
declination regions.

down-going region, the IC86-I sample has the largest eective area.

Comparing the

down-going eective areas to the event counts in Tab. 2.1, one can notice that the rate
for IC59 is almost twice larger than the rate of the IC86-II to IV samples while they
have the same neutrino eective area.

The reason is in the IC59 more atmospheric

muon background is included.
For most of the declinations, the eective area grows with energy. This is partially
because the higher energy muons produce more Cherenkov light and are more likely to
be selected. However, the main reason if the increased reach of the high energy muons.
Muons produced very far from the detector can still arrive within the instrumented
volume and therefore the eective area exceeds the detector dimensions.

Exception

are the truly up-going directions shown in panel (d) of Fig. 2.14. The main origin of
up-going muons are atmospheric neutrinos produced on the other side of Earth. The
eective area drops at the highest energies because Earth becomes opaque to neutrinos.
Fig. 2.15 shows the median angular resolution of the PS samples for

νµ + ν̄µ .

At high
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energies, the typical values for median angular resolution for the PS are of the order
of

0.4◦ ,

but a factor of few worse at low energies.

The improvement of the angular

resolution with energy relates with the higher number of photons produced and longer
tracks.
2.0
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Figure 2.15: The median angular resolution of the PS samples dened as the median of
the angle between the neutrino and the reconstructed muon for

νµ + ν̄µ

as a function

of the neutrino energy calculated using simulation. The kinematic angle between the
parent neutrino and the muon is also shown.

2.6.3.2 High energy starting events sample
The High Energy Starting Events (HESE) sample uses two key selection criteria to
greatly reduce the background level [150152].

First, the outer layer of the detector

is dened as a veto region. The veto region includes the outer strings, the top 90 m
and bottom 10 m of the detector, and a 60 m layer of PMTs in a region of dusty
ice in the middle of the detector.

Any event with more than three of its rst 250

photoelectrons (p.e.) in the veto region is rejected. This criterion selects events which
start inside the detector and therefore are neutrino induced. Only the rst 250 p.e. are
considered for the veto because later arriving photons might be produced deeper in the
detector and those should not veto the event. Indirectly, also down-going atmospheric
neutrinos are rejected - the muons from the same shower will trigger the veto. Next, a
cut of 6000 p.e. (about

30 TeV)

is applied, selecting only very high energy events. The

atmospheric backgrounds are much softer than the expected signal and this cut selects
the energy region where the backgrounds are greatly reduced. It also makes sure that
the events have high statistics of p.e.

and thus the rst 250 p.e.

do not suer from

large uctuations.
The event selection accepts both track-like events and cascade-like events. In the
four year sample, there are 54 events, of which 39 cascade-like and 15 track-like events.
The Millipede reconstruction is used for both the direction and the energy. Also direc-
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(a) Distribution of deposited PMT charges
of the events. The events removed by the
6000 p.e. cut are in the shaded area.
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(b) The arrival declination events with deposited energy above 60 TeV.

Figure 2.16: In the high energy region, the data points clearly exceed the background
estimates shown in red for muons and in magenta for neutrinos. The best t spectral
index is -2.58. For comparison also a t with a xed spectral index of -2 is shown. The
total expected background from atmospheric muons is

12.5 ± 5.1

events and

9+8.0
−2.2

from

atmospheric neutrinos, while 54 events were measured. Plot taken from [152]

tional likelihood maps are provided created by scanning the directions with Millipede.
The median angular resolution of the track-like events is around

1◦ , while the resolution

◦
of cascade-like events is around 15 [150]. The expected atmospheric background for
the HESE sample is predominantly track-like atmospheric muons not vetoed by the
external layers of DOMs and sneaking in through the region called the dust layer
(where dust obscures the transparency of ice) and from atmospheric

νµ

charged-current

interactions from the northern hemisphere.
With this event selection, one of the most important IceCube results was produced.
In 2013, IceCube reported the rst evidence of a high-energy neutrino ux of extraterrestrial origin from a search carried out on data collected between May 2010 and May
2012 in the 79-string and completed 86-string congurations of the detector [150]. The
result was later updated to include two more years of data taken with the full 86-string
conguration, extending the observation period to May 2014 [151, 152]. These searches
have consistently demonstrated the existence of an astrophysical ux of neutrinos at
the level of

Eν2 φ(Eν ) ≈ 10−8 GeV cm−2 s−1 sr−1

per avor, emerging above atmospheric

neutrinos starting at around 100 TeV and extending to the PeV range. The hypothesis
of a purely atmospheric explanation of the neutrino events collected during the four
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years has been rejected at around 6.5

σ.

Fig. 2.16 shows the energy distribution of the

events, the excess of events over the expected background is evident.

2.6.3.3 Medium energy starting events sample
The Medium Energy Starting Events (MESE) sample was inspired by the HESE sample.
It attempts to provide a smaller, lower in energy, and much cleaner sample of downgoing tracks [153].
The 6000 p.e. cut of HESE is lowered to 1500 p.e. Additionally, the likelihood based
method is used to estimate the position of the rst energy loss and an energy dependent
cut is applied on this quantity.

As the sample is intended for point source searches,

poorly reconstructed events with bad pointing are removed. The nal sample has 961
events for the combined period from IC79 to IC86-IV.
For this sample, MPE is used as directional reconstruction and MuEx for the energy.

2.6.3.4 High energy through-going tracks sample
This sample was selected for a diuse muon neutrino search and only the up-going
region was considered. There are a total of 32761 through-going muons events selected
for IC79 and IC86-I [154]. The aim was to select high-energy well reconstructed tracks.
For this sample, MPE is used as directional reconstruction and MuEx for the energy.
Median angular resolution for neutrino events in the data sample is better than

1◦

at

◦
all energies and improves to 0.5 above few tens of TeV. The energy resolution at the
highest energies reaches 15% in

log10 E .

While the majority of these events originate from neutrinos produced by cosmicray interactions in the Earth's atmosphere, a clear excess was observed at the highest
energies. The hypothesis that the excess is of atmospheric origin was rejected at the
5.6σ condence level [155].

This excess is compatible with the sum of the predicted

muon neutrinos of atmospheric origin and an astrophysical ux consistent with the ux
resulting from the HESE analysis.

2.7 Simulation
Simulated events are used to estimate the reconstructions performance, optimize the
event selections, and evaluate analysis response to an injected signal. The procedure
can be understood as a two-stage process.

First, Monte Carlo high energy particle

simulations are performed which start from a primary particle (CR or neutrino) and
produce a set of stable or semi-stable secondaries which can reach the detector and be
observed. This is called the event generation. In the second stage the detector response
to secondaries and their propagation and light yield in the detector are simulated.
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Simulated data can be treated with the same processing procedure of real data (trigger,
lter, event selection).
Two software packages are used as event generators. The interactions of CRs in the
atmosphere producing hadronic showers are simulated by the CORSIKA [156] package.
The secondary muons and neutrinos produced in atmospheric showers with CORSIKA
are the main sources of background to astrophysical neutrinos in IceCube.

Primary

neutrino interactions are simulated by the neutrino-generator (NuGen), a modication
of the ANIS package [157]. NuGen propagates neutrinos trough the ice or Earth and
simulates the DIS interactions. The result can be used as an estimate of the atmospheric
neutrino background if the primary spectrum is weighted to match the atmospheric
neutrino spectra (see Sec. 2.6.2). The astrophysical signal is simulated by NuGen as
well, in which case the weighting is used for the primary spectrum to match the signal
one, usually a power law.
Detector simulation takes the secondaries which are stable enough to reach the detector and uses the Muon Monte Carlo (MMC) [123] to process them. MMC propagates
the particles inside the ice, simulates the energy losses (continuous or stochastic), and
evaluates the photon yields.
ulated.

Next, the photons' travel to the DOMs has to be sim-

In the simple case, a set of lookup tables is used giving the probability of a

photon arriving to a certain DOM given its starting position and direction. Or a more
advanced treatment can be applied where the photons are propagated using the known
properties of ice and the absorption and scattering are evaluated as the photon travels
in the ice.

Chapter 3

Cosmic messenger detection
techniques

In this chapter, we will introduce the experimental techniques employed by the dierent
experiments that provided the

γ -ray

and UHECR data used in this work. These data

samples are either publicly available (Fermi-LAT) or were shared with the IceCube
collaboration for the purpose of the work presented in chapter 5 via Memorandum of
understanding.
The experimental approaches to measure

γ -rays

and CR share many common as-

pects, such as they both change dramatically with energy. At energies below few TeV,
direct measurements with experiments on board of satellites provide high precision

γ -rays reaches 500 GeV [158], AMS measures CR up
1 TeV/n [159], DAMPE envisaged energy range for γ -rays is 5 GeV to 10 TeV
CRs 10 GeV to 100 TeV [160]. The problem for space-borne instruments is the

data. Fermi-LAT energy range for
to about
and for

limitation on their size and weight, limiting their precision at higher energies - calorimeters become too small to contain the showers; tracks sagittae become too small
to measure.

Another important factor is the experiment eective area.

As particle

uxes decrease with energy the satellite experiments struggle to collect sensible statistics.

Therefore, for the highest energies, a radically dierent approach is necessary -

measuring
mosphere.

γ -rays

and CRs by observing the extensive showers they cause in the at-

The air shower experiments can measure the shower development in the

atmosphere by registering the Cherenkov light or nitrogen uorescence. Another way
to infer the shower properties and thus the properties of the primary particles is by
measuring the secondaries which reach the surface detectors.

A combination of the

uorescence and sampling techniques extends the lifetime of the experiment and provide a valuable means for cross-calibration.

A third approach, although less used, is

measuring the radio pulses created as the charge distribution of the shower interacts
with the Earth's magnetic eld.
In the following sections, we will rst discuss the Fermi-LAT as an example of a
satellite based direct detection experiment which provides the data used for the search
for triggered multi-messenger ares presented in section 4.5.1. Next, the air shower experiments will be discussed, with a focus on the Pierre Auger Observatory, the Telescope
Array (TA) and the data samples used in chapter 5. The next generation ground-based
gamma-ray observatory - the Cherenkov Telescope Array (CTA) - will be discussed as
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well. The CTA, once completed, will provide valuable observations for multi-messenger
searches, including neutrino

γ -ray

correlation studies.

3.1 Direct γ -ray detection - Fermi-LAT
For wavelengths shorter than

200 nm

the atmosphere becomes opaque to photons. To

detect photons of higher energies, the detectors have to be placed in space. This brings
many challenges: the size and the weight is limited by the capabilities of the rockets
which bring the experiments to orbit. In general, these experiments resemble a slice of
the typical high energy particle detector, such as ATLAS or CMS, scaled to t within
the payload limitations for space launch. The particles rst pass trough a tracker and
then enter a calorimeter placed behind to measure their total energy.
The overall design of the Fermi-LAT, the principal scientic instrument on the
Fermi Gamma Ray Space Telescope spacecraft, is shown in Fig. 3.1. The measurement
of high energy photons is done via pair production and the subsequent measurement
of the

e+ e−

pair.

The design is modular: 16 towers are arranged in a 4x4 square.

Each tower consists of a high precision tracker serving also as a pair converter and a
calorimeter. The dimensions of the towers are: front area of

37 cm2

and height of

66 cm.

Figure 3.1: Image taken from [161].

The tracker/pair converter is made of 16 layers of high Z material (tungsten) alternating with silicon strip position detectors [161]. Two layers of strips are used, crossing
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90◦

to provide coordinate measurement in the x-y plane (the z-axis is perpendicular

to the front face of the detector). The optimization of the layers thicknesses involves,
on one hand, minimizing electrons multiple scattering to obtain good angular resolution (thin converters preferred) and, on the other hand, ecient conversion for high
energy photons (thick converters preferred). The implemented solution is that the rst
12 layers have tungsten converters of 0.03 radiation lengths each while the last 4 layers
converters are six times thicker. The tracker also plays an important role in CR background rejection by providing discrimination based on the pair production signature
versus the CR single track or shower signature.
The calorimeter behind the tracker measures the total pair energy. To perform this
task within the limitations of a relatively small thickness, not only the deposited energy
is used but the leakage is estimated from the electromagnetic (EM) shower prole. Each
calorimeter module has 96 CsI(Tl) crystals, with each crystal of size

2.7 cm×2.0 cm×32.6 cm.

They are arranged in 8 layers and the directions alternate between the crystals being
aligned with the x-axis and with the y-axis. In terms of radiation length, the calorimeter
thickness is 8.6X0 .
The detector is surrounded by an anti-coincidence layer made of plastic scintillators
to reject charged particles.
The energy resolution depends on the incident angle and the energy [162]. At
it is about 5% and it worsens for higher energies to about 13% at
incident angles.

500 GeV

1 GeV

for zero

The worsening is due to the small thickness of the calorimeter.

At

large incident angles the worsening is less signicant because the particles eectively
see a thicker calorimeter. The one sigma angular resolution is

◦
improves to 0.15 above

3.5◦

at

100 MeV

and it

10 GeV.

The Fermi spacecraft orbits the Earth in about 96 minutes and the whole sky is
surveyed in two orbits due to the

2.4 sr

eld of view. The data pre-processed by the

Fermi-LAT collaboration are publicly available. For the rst analyzed period in search
for triggered multi-messenger ares (section 4.5.1.1), PASS7 pre-processed data was
used while for the extended period of the same search (section 4.5.1.2), PASS8 data was
available. For PASS8, signicant improvements were achieved in terms of reconstruction precision, a wider energy range, better energy measurements, and a signicantly
increased eective area [158].

3.2 Air shower techniques for cosmic rays and γ -rays
At the highest energies, the direct detection techniques for both cosmic rays and

γ -rays

suer from two kinds of disadvantages: the detectors are limited to sizes too small to
contain the events induced by the the high energy particles and the small eective areas
do not allow for collecting signicant statistics for the steeply falling spectra.
Both these issues are not present if the Earth's atmosphere is used as the active
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medium for the detection. With such an approach the primary particles are detected
by observing the extensive particle showers induced in the atmosphere.

A disadvan-

tage for the air shower techniques is that the physical properties of the atmosphere
will aect the shower development. These properties cannot be controlled and can be
monitored/determined only with limited precision.

Figure 3.2: Photon, proton and iron induced simulated air showers. The EM component
is plotted in red, hadrons are in black and muons are in green. Plot taken from [163].

Primary particle identication relies on the shower shape and particle content.
Fig. 3.2 shows shower simulations for a primary particle of
proton or iron. For the same energy, showers induced by

105 GeV

γ -rays,

being a

γ -ray,

for which pair produc-

tion and bremsstrahlung are the main mechanisms, are much narrower than hadronic
ones. They have only a negligible hadron content and very few muons as well [163]. In
contrast to the

γ -ray

showers, the secondaries in hadronic showers acquire signicant

transverse momenta in the interactions with the nucleons of the atmosphere. Therefore,
the shower prole is much broader. A signicant EM component is present, originating
mainly from neural pion decays. Decaying charged pions and other mesons are respon-
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sible for the muons in the shower. The hadronic showers have large uctuations in the
position of the rst interaction and in the particle content. Therefore, it is relatively
easy to distinguish

γ -ray

and hadronic showers, and much more dicult to determine

the incident hadron type, i.e. to determine the primary CR composition.

3.2.1

Pierre Auger Observatory

The Pierre Auger Observatory [164] is a hybrid CR detector located in the Province
of Mendoza, Argentina, at an average altitude of

1400 m

above sea level. The detector

begun taking data in 2004 and the construction was completed in 2008. The surface
detector (SD) consists of 1660 water Cherenkov detectors spread over a surface area
of

3000 km2

and has a 100% duty cycle. Air uorescence telescopes/detectors (FD), the

second part of the hybrid design, provide a complementary measurement of the shower
development in the atmosphere. There are four FD stations located at the edges of the
SD array and each has 6 telescopes.

The FD can provide useful measurements only

during moonless and cloudless nights, but the observation of the longitudinal prole of
the shower allows for much better reconstructions. In addition, the SD measurements
can be calibrated using the FD data.
In the Auger experiment the arrival directions of cosmic rays measured by the SD
are determined from the relative arrival times of the shower front in the triggered
stations.

The angular resolution, dened as the radius around the true cosmic-ray

direction that would contain 68% of the reconstructed shower directions, is better than

◦ for the energies considered here [165]. The energy estimate is obtained from the

0.9

signals recorded by the SD stations [166, 167] and is calibrated using `hybrid' events
(i.e., detected simultaneously by SD and FD) and using the quasi-calorimetric energy
determination obtained with the FD [168, 169]. The statistical uncertainty in the energy
determination is smaller than 12% for the energies used here [167, 169]. The systematic
uncertainty on the absolute energy scale is 14%.
The data set provided by the Pierre Auger Collaboration, used in the correlation
analysis in chapter 5, includes 231 cosmic-ray events. The maximum zenith angle of
the sample is

θmax = 80◦

and the minimum energy is

ECR = 52

EeV. These events

were recorded by the SD from January 1, 2004 up to March 31, 2014

1 . To ensure

these are well reconstructed events with well dened direction, energy, and relative
exposure, they were required to satisfy a ducial cut for their impact position to be
well-contained in the SD array. At energies above 4 EeV, the SD trigger is fully ecient
and the determination of the exposure is purely geometrical [171], see Fig. 3.3.

For

the time period considered and for the applied energy and zenith angle selection, the
exposure amounts to 66,452 km

1

2 sr yr. The adopted zenith-angle selection allows the

The list of events together with a more detailed description of their selection and reconstruction

can be found in [170].
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Figure 3.3: The geometrical relative exposures of the Pierre Auger Observatory and the
Telescope Array as a function of declination. Both distributions have been normalized
to unity at the declinations where the exposure is at its maximum for each experiment.

eld of view of the observatory to extend from

−90◦

to

+45◦

in declination. The energy

spectrum best-t power law index is -4.2 for the energy range considered.

3.2.2

Telescope Array

The Telescope Array (TA), located in Utah, USA, is a hybrid CR detector of smaller
proportions than the Auger experiment, nevertheless providing valuable measurements
for the northern hemisphere and increasing the amount of UHECR measured on Earth.
The TA SD consists of 507 scintillator detectors spread over an area of

700 km2

[172].

The FD has three stations: one is relocated from the High Resolution Fly's Eye (HiRes)
experiment and has 14 telescopes; the other two were designed for TA and have 12
telescopes each [173]. Similarly to the Auger experiment, the low duty cycle FD provides
full longitudinal prole measurements for the showers. Events measured simultaneously
by the SD and the FD are used for cross-calibration. The energies reconstructed from
the SD array measurements were renormalized by 1/1.27 to match the SD energy scale
to that of the FD, which was determined calorimetrically [6].
The Telescope Array surface-detector data recorded between May 11, 2008 and
May 4, 2014 are used in the correlation analysis in chapter 5. The 87 Telescope Array
selected events met the following criteria:

(1) each event triggered at least four SD

counters; (2) the zenith angle of the event arrival direction was less than

55◦ ;

and (3)

the reconstructed energy was greater than 57 EeV. The event-selection criteria described
above are the same as in [174] and were optimized to increase the observed number of
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cosmic rays.
resolution is

The angular resolution of these events is about

∼ 20%.

1.5◦ ,

while the energy

The systematic uncertainty on the energy scale is 22% [6] and the

best-t spectral index is -4.5.
To conclude the description of the data, a remark is in order. The absolute energy
scale of UHECRs may contain a systematic error which may be, in principle, dierent for
the two experiments (Auger and TA). In accordance with the ndings of the TA-Auger
Energy Spectrum working group, the UHECR spectra measured by Auger and TA may
be made coincident in the region around

1019

eV (the ankle region) by up-shifting the

Auger energies (equivalently, down-shifting the TA energies) by

∼ 13%.

Assuming that

the relative shift is energy-independent, and to make the energy scales compatible, we
choose to down-shift the TA energies by

13%.

Note that assuming lower energies is a

conservative choice with respect to the assumed magnetic deections for the analyses
(see section 5.2) since the CRs magnetic deections grow as the energy decreases. In
view of its relatively small magnitude, the overall eect of this shift on the analyses in
chaper 5 is minor.

3.2.3

Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) [175] is new generation

γ -ray imaging air Cheren-

kov telescope project. It is building on the experience gathered by successful experiments such as H.E.S.S. [176], MAGIC [177] and VERITAS [178]. The

γ -ray

detection

principle is to measure the Cherenkov light produced by the secondaries in the atmospheric shower.
To cover the whole sky two sites are planned, one in the northern and one in the
southern hemisphere. Each will consist of many telescopes observing the

γ -ray

induced

showers stereoscopically to allow for high precision reconstructions. For events observed
simultaneously by multiple telescopes, CTA can reach angular resolutions of better than
2 arc minutes for energies above 1 TeV, a factor of 5 better than the typical values for
current instruments.
The telescopes will be of three dierent sizes to cover a wide range of energies.

23 m) in the center of the
200 GeV. The γ -ray rates at low

Up to four large-size telescopes (mirror diameter of about
array will provide sensitivity for

γ -ray

energies below

energies are high and therefore, in order to collect signicant statistics, only a small
volume of the sky needs to be observed.

On the other hand, these events produce

less Cherenkov light and large area telescopes are needed to eciently collect it. The

0.1 TeV to 10 TeV will be covered by the mid-size telescopes (mirror
diameter of about 12 m) spaced about 100 m apart. Finally, in the high energy range,
up to 200 TeV, the γ -rays will be measured by the small size telescopes. In this energy
range, the limitations come from the low γ -ray rate. Therefore, a large area covered
energy range of

by small size telescopes spaced few hundred meters apart is the best solution. Three
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concurrent designs are being developed, a single-mirror design (SST-1M), and two dualmirror designs (SST-2M ASTRI and SST-2M GCT).
The proposed single-mirror small-size telescopes (SST-1M) for the CTAs is an innovative concept driven by the exceptional requirements for the CTA high energy range
observations. As many as 70 individual telescopes will be deployed. Therefore, a reliable
design is required for which the production can be performed in an industrial manner.
The overall layout is shown in Fig. 3.4.
facets, has a diameter of about

The mirror dish, composed of 18 hexagonal

4 m and the focal length is 5.6 m.

The telescope designed

◦
eld of view is 9 .

Figure 3.4: The SST-1M following the traditional Davies-Cotton design with f/D = 1.4
and a large camera.

The key part of the SST-1M concept is the camera designed and prototyped by our
group at the University of Geneva, the Jagellonian University and the AGH University of
Science and Technology in Kraków. The camera has a hexagonal shape with
vertex-to-vertex length.

1120 mm

The hexagonal pixel size, xed by the optical parameters,
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23.2 mm

at-to-at and a cut-o angle of

24◦

is required [179].

Figure 3.5: The SST-1M camera, exploded-view drawing.

Fig. 3.5 shows the camera layout. The Photo-Detection Plane (PDP) is protected by
a Borooat entrance window. Underneath the protection are the 1296 pixels, each instrumented by a custom designed Hamamatsu S10943-3739(X) Silicon Photo Multiplier

93.56 mm2 sensitive surface - one of the largest monolithic
with the 23.2 mm pixel size. Yet, this active surface is factor

(SiPM). These SiPMs have
SiPM produced, to cope

of few smaller than the pixel area. To match the required pixel size to the SiPM active
surface a hexagonal light concentrators are used. The front-end electronics is mounted
directly behind the pixels. Finally, the trigger and readout system called DigiCam is
placed at the back of the camera and it uses an innovative fully digital approach in
gamma-ray astronomy [179].
Fig. 3.6 shows the CTA design sensitivity compared to the current experiments.
CTA, with the proposed parameters, should have important impact on the high energy astro-particle physics. As we discussed in chapter 1, one of the most interesting
questions in the eld is the one of the origin of CR. High energy

γ -rays

production

from neutral pion decay is closely related to the CR production. Although attenuated,

γ -rays

are not deected by magnetic elds; therefore, they point back to the sources.

Extremely interesting would be observations of orphan ares from AGNs, i.e.
in

γ -rays

model.

ares

which do not have the typical two bump SED of the leptonic production

These could provide evidence of hadronic acceleration.

Moreover, neutrino

searches similar to those presented in this work (see section 4.5) can be triggered by
such

γ -ray

observations.

The sensitivity of CTA at high energies and the supreme angular resolution allow to
search for PeVatrons, i.e. young supernovae remnants capable of accelerating particles
up to

1015 eV.

highly variable

Extragalactic sources, such as AGNs and their jets, are a source of

γ -ray

emission. The ability of CTA to obtain extensive observational

data for these objects will hopefully lead to a better understanding of the conditions
and processes within these violent environments. Once again, a very interesting topic
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Figure 3.6: The sensitivity obtained from simulations for 50 hours of CTA operation
compared to the sensitivity of H.E.S.S. and MAGIC for the same operation time. For
Fermi-LAT and HAWC one year of data taking is assumed.

will be joint neutrino searches as the neutrino and the

γ -ray

uxes are expected to be

correlated in intensity and temporally (see chapter 1 and 4).
As a complementary work to the main topic of this thesis (Neutrino multi-messenger
searches), in chapter 6, we present the work done by the author of this thesis as a
contribution to the R&D phase of SST-1M for the CTA, namely the characterization of
the light concentrators for the SST-1M camera. As argued above, the capability of CTA
to provide data for multi-messenger searches is invaluable. Therefore, the development
of new experiments to provide precision data can prove to be crucial for the results of
related neutrino searches.

Chapter 4

IceCube time dependent point
source searches

4.1 Motivation
Detecting neutrinos of astrophysical origin with the HESE sample (described in section 2.6.3.2) [152] and in the high energy through-going tracks sample (section 2.6.3.4)
[154, 155] was a great success of IceCube.
Many searches for neutrino clustering have been performed but none was successful
in nding a signicant deviation from their null hypotheses. Notably, the seven-year
time integrated point source analysis with the PS sample (described in section 2.6.3.1)
yields a 17% post-trial p-value for the all-sky scan [149]. The result of a search using
a candidate source catalog is a post-trail p-value of 37%. These two searches use the
same samples as the work presented below. Even with the joint forces of IceCube and
ANTARES no signicant result was obtained [180].
An important aspect to consider is that for many of the speculated sources of astrophysical neutrinos, such as AGNs (see section 1.4.3) or GRBs (see section 1.4.4), the
neutrino emission is predicted to vary in time. If that is the case, even if time integrated
searches do not deliver a result, a time dependent search could be successful in nding
the origin of astrophysical neutrinos.
For AGNs, the reason to believe the neutrino ux is time dependent originates
mainly in

γ -ray

observations. This category of sources, especially the blazar subclass,

shows a high variability in high energy photons. As discussed in sections 1.3.1 and 1.2.2,
the neutrino and

γ -ray

uxes are related for the hadronic

γ -ray

production scenario.

This not only means that the neutrino ux may be highly variable in time, but its
variations could be correlated to the variations of the

γ -ray

ux.

The GRBs are intrinsically variable in all observed electromagnetic bands and it is
natural to expect a rapid variability in neutrinos as well. The possible neutrino production mechanisms for GRBs were discussed in section 1.4.4.

There are dedicated

searches in IceCube for neutrinos from GRBs, which fall in the category of time dependent searches, but none has produced a signicant correlation [181]. Such searches
are triggered by GRB observations, which reduces the trial factors compared to an
un-triggered analysis.
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Nevertheless, the observatories monitoring GRBs can miss some of the GRB events
which then cannot be included in the triggered searches. Also, only a very small fraction
(smaller than 0.1%) of the core collapse supernovae can produce GRBs by launching
a successful jet. The choked GRBs, i.e. the ones in which the jet does not succeed
escaping the mantle, can still easily produce high energy neutrinos [182, 183].

The

analyses presented in this chapter are sensitive to such cases.
The time dependent searches presented in this chapter use the neutrino arrival times
to further improve the sensitivity of IceCube point source searches. Using a hypothesis
to restrict the time window for the arrival of the neutrino signal eectively reduces the
background from the atmospheric showers and leads to a more powerful analysis.
First, we will discuss the un-binned likelihood based time dependent point source
method and its variations: the all-sky un-triggered and the triggered multi-messenger
are methods. Then, we will proceed to show the results of applying these methods to
the IceCube data.
The analyses presented in this chapter were inspired by old IceCube time dependent searches [184]. Aside from the addition of 5 years of processed data, signicant
improvements were implemented and are described in the following sections. Among
these improvements are: the inclusion of the MESE sample and the special treatment
of it because of the low statistics, the possibility to perform the all-sky time dependent
search on combined samples, correction of the angular uncertainty bias using spline
functions, completely new processing of the Fermi-LAT lightcurves and new denoising
algorithm, cleaning of the lightcurve from solar are eects, and new candidate selection
procedure for the triggered multi-messenger are search.

4.2 The time dependent point source method
The analyzed data consist of a set of events for which the following quantiles are dened
(measured): for the event
energy

Ei ,

i

the direction in the sky

and the arrival time

ti

~ri ,

the angular resolution

σi ,

the

are available.

The un-binned maximum likelihood ratio method [185] is used to search for a statistically signicant clustering of events in certain directions which would imply the
presence of an astrophysical neutrinos component from point sources. There are good
reasons to believe that the spectral properties of an eventual astrophysical neutrino
component would be dierent from the background (see chapter 1.1.3); therefore, the
energy becomes an useful ingredient. In addition, if the sources are variable in time,
an astrophysical component should manifest a time structure, which could be used to
further enhance the clustering signicance.
Let us start by considering two hypotheses:

H0 :

The

null hypothesis :

All events in the sample are a result of the background
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processes and are randomly distributed in time: atmospheric neutrinos in the
up-going region and mostly atmospheric muons with small contribution of
atmospheric neutrinos in the down-going region.

H1 :

The events in the sample are a result of the background processes as well as a
signal contribution of some strength.

The probability of the data not being compatible with the null (background only)
hypothesis

H0

H1

and rather favoring the

statistic dened as:

hypothesis can be quantied using a test




P (Data|H0 )
T S = −2 log
,
P (Data|H1 )
where

P (Data|H0 )

(4.1)

is the probability of observing the data given the hypothesis

as described by the background probability density functions (PDFs).

P (Data|H1 )

stands for the probability of observing the data in the presence of a signal

component. The larger the value of

T S,

the less likely the background only scenario.

We dene the likelihood function for a source position

L(~rsrc , ns , γ, ...) =
where

B

N

H0

Similarly, the

~rsrc

as:


1 − ns
Si +
Bi ,
N
N

Y  ns
N

is the total number of events in the sample of which

ns

(4.2)

are signal events,

S

γ is the spectral index of the dierential
dN/dE ∝ E γ . The likelihood function can depend on other parameters
besides ns and γ and these are specic for each of the variations of the analysis.
The signal PDF Si is given by:

and

are the PDFs for signal and background,

spectrum

Si = Pisig (σi , ~ri |~rsrc ) · Eisig (Ei , δi |γ) · Tisignal ,
where

~rsrc

direction),

is the direction for which the clustering probability is evaluated (source

~ri

is the reconstructed direction of the event,

for the reconstruction, and
respectively. The term

Eisig

(4.3)

Pisig

Ei

and

δi

σi

is the angular error estimate

are the reconstructed energy and declination,

is the signal spatial PDF (the point spread function) and

is the signal energy PDF.
The spatial signal PDF for a point source due to the reconstruction uncertainty

σi

is given by a Gaussian spatial probability:

Pisig (σi , ~ri |~rsrc )
where

θ(~ri , ~rsrc )

 2

1
θ (~ri , ~rsrc )
=
exp −
,
2πσi2
2σi2

stands for the angle between the event and source directions.

(4.4)

4.2. The time dependent point source method
The energy PDF

Eisig (Ei , δi |γ)
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assumes a power law spectrum for the signal and is

estimated from Monte Carlo signal simulations.
The time dependent signal PDF

Tisig

is specic for each of the dierent signal

hypotheses and will be described in the corresponding sections.
The background PDF, similarly to the signal, has three terms: the spatial, energy,
and time PDFs:

Bi = Pibkg (φi , θi ) · Eibkg (Ei , δi ) · Tibkg .
where

φi

and

θi

are the

ith

event azimuth and zenith.

(4.5)

As the samples used with

this method are background dominated, the data itself is used to estimate the three
background PDFs.
The test statistic

TS

from Eq. (4.1) can be expressed in terms of the likelihood

function:


T S = −2 log
The values of the parameters


L(~rsrc , ns = 0)
,
L(~rsrc , ns , γ, ...)

(4.6)

ns , γ , and the time dependent specic parameter have

to be obtained by maximizing the test statistic. A test statistic dened as in Eq. (4.6)
with

ndof

t parameters, according to the Wilks theorem [186], if repeatedly calculated

with background only samples should follow a
freedom.

χ2

distribution with

This is used to obtain pre-trail p-values for the analyses.

ndof

degrees of

For obtaining

post-trail p-values, the analyses are repeated many times on the so called scrambled
data - random background samples generated from the data, which reproduce all the
background proprieties of the real data. This method is more robust than relying on the
Wilks theorem. Even if the analysis test statistic for background only samples does not
follow the assumed

χ2 ,

the post-trial p-value with the scrambled data will be correct.

The fact that the data samples are background dominated allows to use the data for
simulating background samples. For the time integrated searches, such a scrambled
data set can be created by simply rotating the events randomly in right ascension. In
the case of time dependent searches, this approach is not correct. The random rotation
in right ascension for given local coordinates of an event corresponds to assigning it
a random arrival time.

The problem is that this randomly assigned arrival time can

fall in a time period when the detector was not taking data.

If a performance of

an analysis is evaluated using such a wrongly generated dataset, one can for instance
arrive to a conclusion that the analysis is sensitive to a are happening when there is
no data available. To avoid such obvious inconsistencies for time dependent searches,
the procedure is reversed.

First, the time intervals when the detector is taking data

are identied. Then, these intervals are used to generate random times for the events.
Finally, the new equatorial coordinates are calculated using the assigned times.
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In analyzing the results it is convenient to characterize events by their time inte-

grated weight

wi , dened as the ratio of the signal and background PDFs from Eq. (4.3)

and (4.5) without the time PDF term:

wi =

Pisig (σi , ~ri |~rsrc ) · Eisig (Ei , δi |γ)
Pibkg (φi , θi ) · Eibkg (Ei , δi )

,

(4.7)

which will be later used to visualize the result in a way helpful for understanding whether
the signicance comes from the spatial or the time clustering.
For the time dependent searches, it is natural to express the discovery potentials,
sensitivities, and upper limits in terms of uence, dened for an

Z

tmax

Z

Emax

dt

f=
tmin

Φ0 is
duration ∆t
where

Emin

dN
dE × E
= ∆t
dE

Z

Emax

Emin

E −2

Φ0
dE × E 2 = ∆tΦ0
E

Z

spectrum as:

Emax

Emin

the normalization of an average ux during the emission.
is dened by the time PDF. The integration limits

Emin

1
dE,
E

(4.8)

The emission

and

Emax

are set

to the 5% and 95% energy percentile of the event sample for the given declination band.

4.2.1

The signal spatial PDF

The spatial part of the signal PDF in Eq. (4.4) is based on the assumption that the
angular uncertainty of an event

σi ,

which is calculated during the reconstruction, cor-

responds to a one sigma probability region (68%) for the direction.

However, if this

assumption is tested with simulated data, the angular uncertainty as obtained from the
reconstruction is too small. This is a well a known fact for many IceCube reconstructions, but the reason for it is not quite understood.
If the

σi in Eq. (4.4) is underestimating or overestimating the angular uncertainty, in

both cases the analysis performance will be suboptimal. The value of the contribution
of an event to the signal term for a point at some distance from the event would be
aected. Therefore, the angular uncertainty bias towards too small values is problematic
for the analyses.
To evaluate whether the angular resolution represents the one sigma probability
region we use simulation. We use the the angular distance
track and the reconstructed one and we compare it to

σ

∆Ψ

between the MC truth

from the reconstruction. The

50% containment radius for a two-dimensional Gaussian is about
fore, in case the
the ratio

∆Ψ/σ

σ

r = 1.1774σ .

There-

is correctly representing the angular resolution, the distribution of

should have a median of about 1.1774.

Fig. 4.1 shows the ratio

∆Ψ/σ

as a function of the energy for the IC86-II to IV sam-

ples for both the down-going and up-going region. The tendency of the reconstructions
angular resolution to underestimate the uncertainty is obvious, this eect is called the
pull of the angular resolution.
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Figure 4.1: The pull of the reconstruction angular resolution as a function of the reconstructed energy. The black graph shows the median values for each energy bin. The
blue curve is the spline function to be used for the pull correction - it is slightly bellow
the medians to account for the factor of 1.1774.

The solution adopted by many analyses in IceCube is to introduce an energy dependent correction based on a polynomial t. However, in some cases we found it dicult
to nd a well tting polynomial; therefore, we decided to use spline functions instead.
The correction consists of dividing

σi

of each event by the value of the energy dependent

∆Ψ/σ

spline function. Fig. 4.2 shows the ratio

after the spline pull correction has been
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Figure 4.2: The corrected angular resolution of the reconstruction as a function of the
reconstructed energy. The black graph shows the median values for each energy bin.
The medians of the corrected distribution are aligned at 1.1774, which was the goal.
After correcting the pull, the behavior of the median is as expected. Nevertheless,
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it is not possible to correct the shape of the distribution.
discrepancy in

σ

Therefore, some level of

being really the one sigma probability region (68%) will remain.

Fig. 4.3 shows a test of how large the discrepancy is, i.e.

how well the signal

spatial PDF in Eq. (4.4) represents the simulated signal. The test is done in bins of
the corrected

σ

of the corrected

- see the ranges indicated in Fig. 4.3.

σ,

the angular distance

reconstructed one is plotted. The
dimensional Gaussian,

σf it

∆Ψ

∆Ψ

For all events from the range

between the MC truth track and the

is tted with the radial dependency of a two-

is obtained. Ideally, the tted

σf it

should be in the middle

σf it

of the range. The ts in Fig. 4.3 show a reasonable agreement. The tted

is not

quite in the middle of the range, but before the correction, the situation was much
worse. The uncorrected angular resolution for high energies was o by a factor of few
and therefore the tted

σf it

would not agree with the range at all.
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Figure 4.3: Test of the signal spatial PDF. For each range of the corrected angular
resolution

σ

the histogram shows the distribution of the angular distance

∆Ψ

between

the MC truth track to the reconstructed one. The smooth curve is a two-dimensional
Gaussian t, the resulting

σf it

should ideally be in the middle of the range.
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The background spatial PDF

For suciently long time scales, the spatial PDF for the background

Pibkg (φ, θ)

is uni-

form in azimuth as the Earth rotation averages over the detector eects. In such cases,
the spatial PDF is a function of only the zenith and follows the distribution of the data.
For short time scales (less than a day), the spatial PDF is no longer uniform in right
ascension and shows a pattern when the neutrino directions align with the directions of
geometrical symmetries of the non-uniform detector array (see Fig. 2.8). The alignment
increases the performance of the reconstruction algorithms. The eect is prominent for
the down-going region (cos θ

> 0

in Fig. 4.4) because of the event selection's tighter

track quality cuts needed to deal with the higher background. For up-going events, the
dependency is not as visible as the event selection is somewhat more relaxed in terms of
track reconstruction quality. The whole eect disappears as the time scale grows large
enough to allow the Earth rotation to average out the dierences.
Fig. 4.4 shows the local coordinate event distribution constructed from data.
obtain it, data is binned in 90 azimuth bins and 12 bins in
12 slices in

cos θ

cos θ.

To

Next, every of the

is individually scaled in such a way that its average is equal to unity.

cos(θ)

Finally, two dimensional spline smoothing is applied.
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Figure 4.4: The local coordinate event distribution constructed from the data. A scaling
is applied to each

cos θ

slice in order for them to have an average value of unity. Two

dimensional spline smoothing is applied.

With the

cos θ slice scaling, the correctly normalized value of the nal PDF Pibkg (φi , θi )

for a given event can be obtained by simply multiplying its value of the azimuth independent PDF and the corresponding local coordinate distribution value.
The above described procedure of obtaining the spatial PDF for short time scales
works ne for large data samples, but becomes problematic for limited samples. This is
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the case of the MESE sample, which contains only 961 events. The MESE equivalent of
the local coordinate two dimensional distribution is sparsely populated and the values
are largely aected by statistical uctuations.

To minimize the negative impact on

the analyses, we opted for reducing the binning and applying smoothing on the local
coordinate event distribution.
which reduces the precision.

By doing so, we introduced some degree of averaging
Nevertheless, such averaging is less harmful than the

uctuations of a distribution which would have less than one entry per bin.
The azimuth dependence of the local coordinate distribution is due to the tracks
aligning with the detector strings. Therefore, the eect has only a small dependence on

cos θ.

(a) Final MESE sample.
Figure 4.5:

(b) The sample without the starting distance cut.

The local coordinate distribution for the MESE sample.

sample is restricted to down-going events only six

cos θ

As the MESE

bins are shown. The left-hand

side panel shows the nal MESE sample, while for the right-hand side panel, the starting
distance cut is not applied.

Fig. 4.5 shows the azimuth dependence of the local coordinate distribution binned

4.2. The time dependent point source method
the same way as for the PS samples.
dependence changes with

cos θ
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It is dicult to judge weather the azimuth

from the plot for the nal MESE sample (Fig. 4.5a). By

omitting the starting distance cut (Fig. 4.5b), the statistics increases enough to reveal
that the azimuth dependence is very similar among the

cos θ

bins. Therefore, in order

to reduce the impact of the uctuations, the local coordinate distribution was reduced
to one-dimensional one, depending only on the azimuth.
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Figure 4.6: The azimuth dependence for the MESE sample in blue and for the sample
without the starting distance cut in red.
Fig. 4.6 shows the azimuth dependence of the MESE sample and the sample without
the starting distance cut for the whole zenith range. Therefore, the conclusion made
with the omitted starting distance cut that the

cos θ

dependence can be ignored is valid

also for the nal MESE sample (which was not obvious from Fig. 4.5a).
The MESE azimuth distributions in Fig. 4.6 have narrow minima at the values
where the PS sample has narrow maxima (see Fig. 4.4). As mentioned before, for the
PS sample the maxima are in the directions with better chances of good reconstructions.
In the same directions for a sample like the MESE which uses a veto, the veto will be
more ecient, i.e. minima are expected.
After reducing the local coordinate dependence to just a function of the azimuth,
the statistical uctuations were reduced, but they are still of the order of the periodical
features. At this point we use the periodicity of the distribution to reduce the azimuth

360◦ to 60◦ . In Fig. 4.6, the distributions better agree with 180◦ periodicity
◦
◦
than 60 , but using 180 was not sucient to reduce the uctuations.

range from
rather

Fig. 4.7 shows the nal local coordinate distribution.

◦
any) is ignored and the azimuth is folded into 0 to

The zenith dependence (if

60◦ . In the analysis, we will use a

spline smoothed version of it, shown as the red line in the plot. The spline is scaled so
that its average is one and it can be used directly with the zenith dependence similarly
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Figure 4.7: The black distribution is the azimuth dependence for the MESE sample
folded into

0◦

to

60◦

and with reduced binning (12 bins).

The red line shows the

smoothed distribution using a spline function - the nal azimuth dependence to be
used in the analysis.

as for the PS sample. This procedure was necessary for the analysis to be driven by the
physical background properties rather than the statistical uctuations.

4.2.3

The background energy PDF

For the PS samples, the two dimensional zenith dependent background energy PDF

Eibkg,j (Ei , δi )

is simply taken to be the probability density of the data. Fig. 4.9 shows

an example of the background energy PDF for the IC86-II to IC86-IV samples; for the
rest of the PS samples (IC59, IC79, IC86-I) the distributions look similar. The binning
of the PDF varies, ner binning is used around the horizon to better reproduce the
rapidly changing rates. The energies of the down-going events are higher on average
as the event selection preferentially selects higher energy events to deal with the higher
background in the southern sky.
In case of the MESE sample, due to the low statistics it is not possible to construct
a two dimensional zenith dependent PDF. Therefore, the zenith dependence is ignored
and the resulting energy background PDF is shown in Fig. 4.9.

4.2. The time dependent point source method

Figure 4.8:
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The two dimensional zenith dependent background energy PDF for the

IC86-II to IC86-IV PS samples. For the regions where the rates change rapidly, a ner
binning is used.
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Figure 4.9: The background energy PDF for the MESE sample.

4.2.4

The background time PDF

Fig. 4.10 shows the event rates for the IC86-II to IC86-IV samples at dierent stages
of the event selection.

At level 2 (after the transfer from the Pole), the rate shows

seasonal variations due to the changes of the atmosphere's temperature and density.
Nevertheless, after the PS event selection is applied, the rate is no longer subject to
seasonal eects.

The uniform seasonal behavior of the nal samples shown in the

example for the IC86-II to IC86-IV samples is valid for all PS samples (IC59, IC79, IC86I), although the overall rate level might be dierent. Therefore, the time probability

Tibkg,j

for all samples is taken to be uniform in time.
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Figure 4.10: The event rates of the IC86-II to IC86-IV PS sample. The upper-most panel
shows the rate at level 2 (after the transfer from the Pole) - the binning corresponds
to the IceCube run duration (8 hours). Partial runs or the detector being o-line are
visible as drops in the rate.

The seasonal variations are clearly visible.

The second

panel from the top shows the detector status ag, a value of one means the detector is
taking data, zero otherwise. In the middle panel, the number of events per ve days for
the nal selection is plotted. The distribution is largely aected by the amount of time
of the detector actually taking data - shown in the fourth panel. The plotted period
spans for 1098 days during which 1058 days of livetime was achieved. The nal rate is
shown in the bottom panel, obtained by dividing the number of events by the uptime.
No seasonal variations are visible.

4.2.5

The signal time PDF: Gaussian Flare

The time prole of the neutrino emission from astrophysical sources is in general not
known and can depend on the source type and the source variability. The strategy of
modeling it by a Gaussian shaped are allows for searches to be performed with no
prior knowledge of the sources, their properties or positions. For such an analysis the
signal time PDF

Tisig

from Eq. (4.4) has the from:

4.2. The time dependent point source method

Tisignal (T0 , σT )
where

ti

is the arrival time of the
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(ti − T0 )2
1
=√
exp −
,
2
2σT
2πσT

ith

event,

T0

and

σT

(4.9)

are the mean and the width of

a Gaussian time structure, respectively. The Gaussian function was used as a smooth,
general parametrization of a limited duration increase in the emission of a source. The
best t values of the parameters

T0

and

σT

are obtained maximizing the likelihood

function described in Eq. (4.2).
Since within the limited livetime of a given sample it is possible to accommodate a
larger number of ares as their duration decreases, an undesired bias towards nding
a short are is introduced if no extra treatment is implemented.

This could also be

interpreted as a hidden extra trial factor aecting short ares. To account for it, the
test statistic T S from Eq. (4.6) was modied.
√
T / 2πσ that penalizes short ares compared to

An additional marginalization term
long ones was introduced. The test

statistic including this modication is thus:

h T
L(~rsrc , ns = 0) i
T S = −2 log √
×
,
2πσ̂T L(~rsrc , n̂s , γ̂s , σ̂T , T̂0 )
where

n̂s , γ̂s , σ̂T , T̂0

are the best-t values and

T

(4.10)

is the total livetime of the data taking

period.

4.2.6

The signal time PDF: Lightcurve

The tested hypothesis is that the neutrino emission follows the intensity of the photon
emission.

If the photon emission has a hadronic origin, i.e.

the accelerated hadrons

(protons or nuclei) interact with matter and produce neutral pions, which produce

γ -rays,

there will be also charged pions producing neutrinos in the decay chain.

In case continuous measurements of the

γ -ray

ux are available, such as those that

Fermi-LAT provides, the lightcurve for a given candidate source can be related to the
possible variable neutrino emission of the source.
The signal time PDF

Tisig

from Eq. (4.4) for this test does not have a functional

1

from. Instead, the a lightcurve is used to estimate the time probability . The signal

sig
time PDF Ti (Fth , l) has two parameters, the time lag

Fth .

l

and the threshold for emission

The time lag parameter is used to move the lightcurve forth and back in time with

respect to the neutrino arrival times.

The time lag is limited to

±12

hours because

the Fermi lightcurves are binned in days (we do not expect from theory a lag so large
between gammas and neutrinos).

1

In this work, we will use de-noised Fermi-LAT lightcurves. For details on the lightcurves processing

and de-niosing see section 4.5.1.
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Using the threshold parameter, the tested hypothesis is modied so that the neutrino

emission follows the intensity of the photon emission only when the source is in high
state. The high state of the source, i.e. when the source

γ -ray

ux reaches above the

threshold, is not a priory dened. Instead, the optimal value of the threshold is obtained
from a t to the data so that the signal to background ratio is automatically optimized.

(a) Lightcurve and threshold

(b) Time PDF

Figure 4.11: The left-hand side panel shows the lightcurve with the varying threshold
selecting the high state time intervals. The lightcurve portions above the threshold are
normalized to unity to obtain the time PDF shown in the right-hand side panel.

The procedure of dening the time PDF from the lightcurve by the threshold is
illustrated in Fig. 4.11.

As the minimizer moves the threshold up or down, dierent

portions of the lightcurve will reach above it.

The time PDF

Tisignal

in Eq. (4.3) is

dened as being zero for the regions where the lightcurve is below the threshold, while
above it, the shape of the lightcurve normalized to unity is used.

4.2.7

Time Dependence: Box function

The techniques used for observations of the highest energy

γ -rays

are based on mea-

surements of extensive atmospheric showers and therefore have a limited duty cycle.
Cherenkov telescopes have also a limited eld of view.

The observation time has to

be distributed among the objects of interest, further reducing the available data for
the individual candidate sources. Yet, sometimes a source is observed to be aring in
the

TeV

range, potentially an interesting case for a neutrino time dependent analysis.

Due to the sporadic observations, the analyses for this type of sources is reduced to
using a box like function as the time PDF. Such a time PDF has no free parameters
to be tted and it is non-zero only during the reported are adding one day margin on
each side.

4.3. Combining non-overlapping data samples
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4.3 Combining non-overlapping data samples
The analysis with lightcurves as time PDFs can clearly benet from long observation
periods as there can be many high states for a source during the years.
Analyses using the Gaussian or box time proles do not directly prot from observation periods longer than the usual one year IceCube samples. When using the box
time proles, the time periods outside of the box are important as o signal regions
to determine the background level, but do not need to cover multi-year measurements.
For the Gaussian ares, if the width of the are becomes large (∼100 days), the analysis
performance approaches that of the time integrated searches, but has the disadvantage
of more t parameters.

Therefore, combining the dierent IceCube data-taking sea-

sons is pointless for these cases. Nevertheless, these two analyses could still prot from
combining samples that cover the same time period but use dierent event selections
optimized for various event topologies.
The properties of the samples of trough-going tracks used in this work vary as
the detector dimensions changed during the construction as well as the event selection
procedures changed through time. Therefore, the samples should not be combined by
simply mixing the events together. As the signal and background PDF are dierent,
the analysis performance would suer from using averaged PDFs.

2

Instead, in the case of non-overlapping samples , the individual likelihood functions
as dened

Li (i ns , ...) in Eq. (4.2) are multiplied to obtain an overall likelihood function:
L(ns , ...) = L1 (1 ns , ...) × L2 (2 ns , ...) × L3 (3 ns , ...) × ...

(4.11)

The free parameters related to the candidate source properties, such as the spectral
index, the Gaussian mean and width, or the threshold and lag are common for all
the individual likelihood functions.

ns

+2

ns

+3

ns

iA

ns =1

has to be distributed among the samples:

i

where

The total number of tted signal events

iT iA

ns = ns P

i

ef f
jT jA
ef f
j

,

(4.12)

ef f is the eective area of the -th sample. For the analyses with the Gaussian

or box like ares we will be combining samples covering the same time periods; therefore,
the factors

i T will be identical and will cancel out. The situation is dierent for the

lightcurve PDF as the distribution of

ns

among the likelihoods for the dierent samples

will depend on what fraction of the time PDF is non-zero:

i

Z

it
max

T =
it
min

2

T sig (Fth , l),

(4.13)

Non-overlapping samples in this sense can be not only samples covering distinct time periods, but

also samples sharing time intervals, as long as no event appears multiple times.
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T sig (Fth , l) is the lightcurve time PDF which spreads over the multi-year analysis
i
i
period, tmin and tmax are the time bounds of the i -th sample.

where

As long as the condition of no event appearing twice is fullled, the procedure described above can be used to combine any dierent samples, even samples from dierent
experiments.

4.4 Untriggered all-sky time dependent scans
This is the most generic time dependent search among the ones presented in this work.
It is optimized to look for a neutrino emission from a point-like source with a limited duration. The whole sky except for

◦
◦
a 0.1 x0.1 grid.

5◦

regions around the poles

3 is scanned with

The Gaussian are signal time PDF from Eq. (4.9) is used in the

likelihood and for each point of the grid the likelihood ratio (test statistic) in Eq. (4.6)
is maximized.
Because this search aims for one-time ares, it does not benet from adding multiple datasets together. Therefore, the data was analyzed separately for the individual
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Figure 4.12: The 5σ discovery potential (signal required for 5σ detection in 50% of
trials) and the sensitivity (90% CL median upper limit) for IC-86I shown in terms of
the uence (a) and the mean number of signal events (b) for a xed source at
declination (solid lines) with an

E −2

16◦

spectrum. The corresponding lines for the time

integrated search are also shown. The time dependent search improves over the time
integrated for aring sources when solid lines become lower than dashed ones.

The expected performance of this approach in terms of the discovery potential and
sensitivity is shown in Fig. 4.12. The gure compares this time dependent search with

3

The pole regions are excluded because if there was a source there, no o-source region with the

same declination is available to estimate the background PDFs.
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the standard time integrated all sky search [146149] for a given declination. The all-

σT shorter than hundred days in
σT shorter than 6 hours in terms of

sky time dependent search is better for ares with
terms of the discovery potential and for ares with
sensitivity. As the are duration
three events.

σT

gets shorter, the sensitivity levels out at around

For the calculation of the discovery potential at least two events are

required in order to identify a are. To generate a sample according to a Poissonian
distribution with 50% of the cases having two or more events, the Poissonian mean has
to be equal to 1.68. Therefore, for the shortest timescales, the discovery potential will
asymptotically approach this value causing it to drop below the sensitivity.
This analysis has four t parameters: the number of signal events, the spectral index
(tted in the range -1 to -4), the mean of the Gaussian in time, and the width of the
Gaussian are. The limits of the width are the square root of the smallest time gap
between any two events in the sample (few milliseconds) to half the sample lifetime.
Therefore, the analysis is sensitive to variety of phenomena, from GRBs to year scale
ares.

4.4.1

IC-79 Results

Figure 4.13 shows the IC-79 skymap of pre-trial p-values. The most signicant deviation

◦

◦

from the background-only hypothesis was found at (RA, Dec.)=(343.45 , -31.65 ). The
mean of the tted Gaussian are was at MJD 55466 (2010 September 27) with a width
parameter
events.

σ̂T

of 1.8 days, a soft spectral index of

γ̂ = −3.95,

and 7.2 tted signal

The large blue spot in the upper right quadrant in Figure 4.13 was caused

by two events arriving very close in time, the consequence of which was an increased
signicance over a wider area to which those two events contribute.
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Figure 4.13: IC-79 skymap in equatorial coordinates showing the pre-trial p-value for
the best-t are hypothesis tested in each direction of the sky. The strongest Gaussian-

◦

◦

like signal is found at (RA, Dec.) = (343.45 , -31.65 ), with a post-trial signicance of
p=66%, see Table 4.1 for details. The black curve is the galactic plane.

The pre-trial p-value obtained for the IC-79 hotspot is

1.07 × 10−5 .

Fig. 4.15 shows

the distribution of the maximum pre-trial p-values for the scrambled data sets used for
the post-trial calculation. The post-trial p-value is 66%, consistent with a backgroundonly hypothesis.
Figure 4.14 shows the time integrated event weights at the position of maximum
signicance plotted throughout the year with a hint of clustering recognizable at the
tted time.
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Figure 4.15: The maximum pre-trial p-values for the scrambled data sets in green. The
red line shows the analysis result. The resulting post-trial p-value is 66%

4.4.2

IC-86I Results

Figure 4.16 shows the skymap of the pre-trail p-values obtained for the IC-86I data, the

◦

◦

most signicant point was at (RA, Dec.)=(235.95 , 42.95 ), and the tted Gaussian
parameters are MJD 55882 (2011 November 17) for the mean and 7.57 days for the
width parameter

σ̂T .

A pre-trial p-value of

A spectral index of

9.44 ×

γ̂ = −2.0,

and 13.1 signal events were tted.

10−6 translates into a post-trial p-value of 63%. For the

scrambled maps distribution of maximum pre-trail signicances see Fig. 4.18. The time
integrated event weights for the region around the most signicant point through the
year are shown in Figure 4.17.

100

Chapter 4. IceCube time dependent point source searches

Figure 4.16: IC-86I skymap in equatorial coordinates showing the pre-trial p-value for
the best-t are hypothesis tested in each direction of the sky. The strongest Gaussian-

◦

◦

like signal was found at (RA, Dec.) = (235.95 , 42.95 ), with a post-trial signicance
of p=63%, see Table 4.1 for details. The black curve is the galactic plane.
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Figure 4.18: The maximum pre-trial p-values for the scrambled data sets in green. The
red line shows the analysis result. The resulting post-trial p-value is 66%.

4.4.3

IC-86II to IC-86IV Results

The IC-86II to IC-86IV samples were made available at about the same time and therefore they were analyzed at once instead of each separately. Analyzing a longer period
increases the chances of nding a signicant result, nevertheless, the post-trial p-value
calculation procedure accounts for this. At the same time also the MESE sample was
provided.

The part of it covering IC86-II to IC86-IV was included

4 in the analysis

following the prescription for combining analyses in likelihood (see section 4.3). Events
which happen to be part of both the PS and the MESE sample were removed from the
PS sample to avoid double-counting.
Figure 4.19 shows the skymap of pre-trial p-values for the all-sky search. Since the
MESE sample was included for the down-going region, we provide two results for this
period, one in the northern and one in the southern sky.
The most signicant point in the IC-86II to IC-86IV data for the northern sky

◦

◦

is found at (RA, Dec.) = (170.35 , 27.95 ). The peak occurred on MJD 55259 (2012
August 28), and had a width parameter

σ̂T of 40 days, a hard spectral index of γ̂ = −2.1,
1×10−6 ; the distribution in Fig. 4.21

and 11 tted signal events. The pre-trial p-value is

was used to obtain the post-trial p-value of 16%. Figure 4.20 shows the time integrated
event weights

wi

at the position of maximum signicance plotted throughout the year.

◦

In the southern hemisphere, the most signicant result is found at (RA, Dec.) = (89.45 ,

◦

-35.95 ). The best-t time for the are is MJD 56808 (31 May 2014), the width found
is

σ̂T
4

is 4 days, and 7.46 signal events were tted with a spectral index

γ̂ = −2.85.

For estimating the background PDFs from data, the whole MESE sample (IC79 to IC-86IV) was

used.
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Figure 4.19:

The pre-trail signicance skymap in equatorial coordinates for the IC-

86II to IC-86IV PS samples.

◦

The most signicant point in the northern sky is at

◦

◦

(RA, Dec.) = (170.35 , 27.95 ), and in the southern sky at (RA, Dec.) = (89.45 ,

◦

Time-Independent Event Weight

-35.95 ). The black curve is the galactic plane.

107
106
5

10

104
103
102
10

56200

56400

56600

Figure 4.20: The time integrated event weights
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the IC-86II to IV data at the location of the most signicant are in the northern sky.
The best-t Gaussian time PDF is shown in black (arbitrary scaling). See Table 4.1 for
details.

Using the distribution from Fig. 4.23, the pre-trail p-value of

1.4 × 10−6

translates into

a post-trial p-value of 23%. Fig. 4.22 shows the tted Gaussian are and the events
contributing to it.

4.4. Untriggered all-sky time dependent scans

103

most significat result
40

post-trial p-value: 18.01%

number of trials

30

20

10

0
4.0

4.5

5.0

5.5

6.0

6.5

7.0

−log10 (pre-trial p-value)

7.5

8.0

8.5

Figure 4.21: The most signicant northern sky p-value distribution for the scrambled
datasets. The analysis pre-trial p-value for the best t result is shown as the vertical
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red line. The inferred post-trail p-value is 16%.
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Figure 4.22: The time integrated event weights

56800

w,

57000
Event Time [MJD]

dened in Eq. (4.7), evaluated for

the IC-86II to IV data at the location of the most signicant are in the southern sky.
The best-t Gaussian time PDF is shown in black (arbitrary scaling). See Table 4.1 for
details.
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Figure 4.23: The most signicant southern sky p-value distribution for the scrambled
datasets. The analysis pre-trial p-value for the best t result is shown as the vertical
red line. The inferred post-trail p-value is 23%.

4.4.4

Conclusions

Table 4.1 contains a summary of the untriggered all-sky time dependent scans. Among
the analyzed datasets, none produced a signicant deviation from the background only
hypothesis.

In most cases, the best t value for the are duration is of the order of

days. An exception is the IC86-II to IV in the northern sky where the width parameter
tted is 40 days. As visible in Fig. 4.20, this result was driven by a few high weight
events spread over a time period of about 75 days. In contrast to the results with a
short best-t width parameter, a direction in the sky for which the result had a long
duration should be prominent also in the time integrated search. Indeed, only 0.05% of
the points on the grid of the time integrated skymap are more signicant. Given the
huge trial factors of both the time integrated and the time dependent scans, this is not
signicant, but rather indicate that the two analyses have the expected behavior.
The post-trail p-values of this analysis suer from huge trial factors. On the other
hand, the analysis is sensitive to variety of phenomena, expected variable sources like
GRBs for short time scales or AGNs on all scales.

Importantly, by not selecting a

catalog of sources, it is sensitive to so far unpredicted neutrino production sources and
mechanisms. In contrast to time integrated searches, even if previous datasets have not
discovered anything signicant, a new future dataset can yield an exciting result.
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Dataset

RA

IC79
IC86-I
IC86-II to IV North.
IC86-II to IV South.

343.45◦
235.95◦
170.35◦
89.45◦

105

Dec.

n̂s

-31.65◦
42.95◦
27.95◦
-35.95◦

7.2
13.1
11
7.46

γ̂

-3.95
-2.0
-2.1
-2.85

T̂0
σ̂T
p-value
[MJD] [days] pre-trial

55466
55882
55259
56808

1.8
7.57
40
4

p-value
post-trial

1.07 × 10−5
1.06 × 10−5
1 × 10−6
1.4 × 10−6

66%
63%
16%
23%

Table 4.1: Location and best-t parameters (number of signal events, spectral index,
mean time and width parameter of the Gaussian t) of the most signicant point
(smallest pre-trial p-value) found in the data samples and the post-trial p-value (i.e.
nal signicance).

4.5 Triggered searches
A disadvantage of the all-sky searches is the large trial factor. This trial factor can be
reduced by adopting a hypothesis about the possible neutrino sources and therefore limit
the search to a set of directions in the sky. The performance can be further improved
by triggering the search based on information from multi-messenger observations.
Triggering in this sense means limiting the time window during which the signal is
expected. By doing so, if the choice of the time window turns out to be correct, the
signal to background event ratio is eectively increased. Technically, this is done by the
choice of the signal time PDF, which is set to zero outside the time window of interest.
Note that the data sample events outside of the time window are still useful as they
provide the o-signal region for the background estimates.

4.5.1

Search for triggered multi-messenger ares

This search targets a set of astronomical objects which were observed to be in a aring
state by Fermi-LAT [187] during the time period analyzed in this study. We performed
the analysis on the IC59 to IC86-I samples and later when IC86-I to IV samples were
available, we applied an updated version of the analysis to the full range from IC59 to
IC86-IV.
This search was performed only for a catalog of selected objects in the sky.

The

criteria for selecting these objects (FSRQs, BL Lacs, etc.) were based on the Fermi-LAT
photometric measurements. The Fermi-LAT monitored source list [188] was taken as
a starting point. Since Fermi LAT provides a continuous monitoring and the data are
publicly available, it is possible to make use of the measured lightcurves. The rst step
was to retrieve for all sources in the monitored list the raw lightcurves from the Fermi
Public Release data [189], using the analysis tools made available by the Fermi-LAT
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Collaboration.
For the binning of the lightcurves we chose one day intervals, a value balancing the
photon statistics and time resolution. For the analysis of the rst three years, the

Science Tools v9r31p1

Fermi

◦
package [190] was used to select photons within 2 of the source
◦
and to calculate the exposure. Photon events with zenith angles greater than 105 were

excluded to avoid contamination due to the Earth's albedo. The photon energy range
is

100 MeV

to

300 GeV

as recommended by the Fermi-LAT collaboration.

In the second iteration of the analysis, the six year lightcurves were processed. A
newer version of the the

Fermi Science Tools v10r0p5 package was used, as well as newly

reprocessed raw data by Fermi-LAT. The result is an improved event reconstruction,
a wider energy range, better energy measurements, and a signicantly increased eective area. The new recommended parameters for the aperture photometry lightcurves
were changed to exclude zenith angles greater than
to

500 GeV

90◦ .

The energy range extended

[158].

Figure 4.24: The intensity above

100 MeV

as a function of the angular distance from

the sun is shown in blue. For comparison, the same quantity for a position trailing the
Sun by

40◦

is shown in red. Plot taken from [191].

Due to the photon lower energy bound of

100 MeV,

photons originating from solar

ares can greatly contaminate the light curves of potentially interesting sources [191].
Fig. 4.24 shows how the photon intensity is aected by the Sun. The contamination by
photons related to solar activity is signicant within

5◦

around the Sun. Two possibili-

ties exist for minimizing the eect of solar ares on the lightcurves: increase the energy
lower bound or exclude photons from the Sun's direction. The energy cut reduced the
photon statistic signicantly and it aected also lightcurves for sources not passing close
to the Sun's direction. We chose to use a cut on the photon arrival direction to exclude
a region of

5◦

around the Sun. Fig. 4.25 shows the lightcurves for a source aected by

a known solar are [192], before and after applying the

5◦

cut.

The Bayesian Blocks method [193, 194] was applied to de-noise the lightcurves,
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(a) No cut.

(b) 5◦ region around the Sun excluded
Figure 4.25: The upper panel shows the lightcurve of PKS B2258-022 aected by a
solar are around MJD 56000 [192]. In the lower panel, the solar are is removed by
applying a cut on the Sun's angular distance from the source. In black are the FermiLAT data-points and the magenta line is the result of the Bayesian Blocks de-noising
procedure.

implemented for the purpose of this analysis in the version described in [193].

The

technique splits the time axis of the lightcurve into blocks for which the ux variations
are assumed to be compatible with Poisson distributions with a constant mean within
each block. The criterion for deciding whether to split a section into two blocks or not
is based on comparing how well the variations follow a single Poisson distribution or
two Poisson distributions with dierent means.
In order to optimize the performance of the Bayesian Blocks method on Fermi-LAT
data, the optimal value of the method parameter

FB

had to be found. This parameter

aects the method behavior in the following way. If the log-likelihood of two Poisson
distributions is larger than the log-likelihood value for a single Poisson distribution by at
least

FB , the split is made.

Too small values of

FB

will cause the denoised lightcurves to

follow almost every point in the lightcurve while for too large values of

FB , the denoised

result will ignore important structures of the lightcurve. In Figure 4.26, two examples of
the denoised lightcurves are shown for

FB

being of the optimal range. To determine the
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value of the parameter

FB

to be used in this analysis, a series of tests were performed

to evaluate the performance of the Bayesian Blocks method as a function of
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(a) FB =0.5
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Figure 4.26: The Bayesian Blocks method applied to the Fermi-LAT lightcurve of Ton
599 for two dierent values of the parameter
left plot too small a value of

FB

FB

outside of the optimal range: in the

makes the denoised lightcurve (magenta line) follow all

the statistical uctuations of the lightcurve, while in the right plot too large a value of
the parameter causes only six blocks to be identied.
Realistic Fermi-LAT lightcurves were simulated in order to optimize the

FB

param-

eter, using Fermi-LAT exposure data and assuming constant ux levels with Poissonian
uctuations. Folding in the Poisson distributed ux with the exposure gave a model
of the background uctuations including the correct statistical errors. On top of this
background a Gaussian shaped ares with a random mean in time were injected. The
background level was set to

0.5 × 10−6 photons cm−2 s−1

and was not varied. Instead,

the properties of the Gaussian ares were varied, i.e. strength of the are, the time and
the duration. The amplitude values were taken to be either equal to the background
level or twice the background level. The tested widths were two days, ve days and ten
days. In addition, combinations of two injected ares were also tested.
For each of the tested combinations of a are with some amplitude and duration,
hundreds of random instances of lightcurves with injected ares and background were
produced. For each of these, the lightcurve was denoised, scanning over dierent values
of

FB ,

and two quantities were calculated as a function of

FB :

the rate of nding a

fake are, i.e. a are at a position where none was injected; and the rate of nding the
injected are. For this purpose a successful are nding was dened as the denoised
lightcurve reaching above a three standard deviations upward uctuation of the background. In Figure 4.27 an example is shown of two ares of dierent duration being
injected and successfully recognized by the Bayesian Blocks method.
After evaluating the

FB scans for the dierent simulated combinations of background
FB to be used in this analysis was set to 5. Using this

and injected ares, the value of

value, the rate of fake ares drops signicantly while the rate of nding the injected
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Figure 4.27: Example of the simulated background with two injected ares.
example, the noise level is

0.5 × 10−6 photons cm−2 s−1

In this

and the red horizontal line

indicates a three standard deviations upward uctuation of the background. Two ares
were injected on top of the background with widths of two and ten days with amplitudes
of

10−6 photons cm−2 s−1 .

The solid magenta line is the result of the Bayesian Blocks

denoising procedure with the value of

FB = 5.0.

Both ares are clearly visible and both

were successfully recognized by the method.

ares is still high. Figure 4.28 shows an example of the

FB

scan and Figure 4.29 an

example of the denoising method applied to a real lightcurve for one of the candidate

flares per trial

sources with the chosen value of

FB = 5.
Real flares found
Fake flares found

1

10-1

10-2
0
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FB

Figure 4.28: Example of the performance of the Bayesian Blocks method as a function

FB parameter for a single are injected with a width of two days and amplitude of
photons cm−2 s−1 . The blue triangles indicate the rate (number of ares per trial)

of the

10−6

at which fake ares are found. The rate for nding the injected are is shown as red
circles. The value of

FB

chosen to be used for the analysis is 5.0, shown as the vertical

dashed line in the plot. Similar results were obtained for the other are durations (2
and 5 days) and the combinations of two injected ares.
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Figure 4.29: Example of a denoised lightcurve (solid line) together with the original
data (black data points) for blazar Ton 599 using

The parameter

FB

FB = 5.

is a local parameter in a sense that it is used to decide a split of

two blocks disregarding data-points outside of the region considered for splitting. This
means that the value obtained via the optimization procedure can be used for shorter
or longer lightcurves without need to change it.
At this point, two selection criteria were applied on the Fermi-LAT monitored list
of sources with the aim of selecting lightcurves with aring behavior and a signicant
enhancement of the ux over the average level. The rst criterion was that the denoised
lightcurve ux must reach above

10−6 photons cm−2 s−1 .

The second selection criterion aims at identifying denoised lightcurves exhibiting
signicant variations in time.

First we dene a quantity which could be used as a

measure of the variability. Next we decide on a cut variability value. The actual cut
value was chosen by the analyzer by inspecting the lightcurves ordered by variability
as there is no objective way to determine at which variability value is the separation
point between variable and non-variable sources. We changed this variability condition
between the analysis of the rst three years and the full six years dataset.
For the rst three years we dened the variability as:

V1 =
where

M11

M11 − m11
,
mean

(4.14)

m11 are the maximum and the minimum of an 11-day running mean5
and mean is the overall mean of the lightcurve. Only sources for which

and

respectively,

this maximum relative time variation was greater than 0.5 were selected.
For the latter analysis with six years of data, we adopted a dierent measure of the
variability as we realized that the original one can in some rare cases be aected by a

5

The value of 11-day for the running mean comes from the fact that the denoised lightcurve has one

day binning. Thus, for calculating the mean we take the value for the current bin and ve bins before
and after for 11-day in total.
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sudden drop of the lightcurve. The new variability measure was dened as:

V2 =
where

M

is the denoised lightcurve

M − m0
,
reduced mean
0
maximum, m is

(4.15)
the minimum while excluding

the 10% lowest blocks (this provides stability with respect to sudden drops), and the

reduced mean

stands for the overall mean while excluding the 10% highest and 10%

lowest blocks. A cut value of 1 was chosen.
When performing the candidate source selection for the analysis with the full data
sample of six years, we restricted the selection criteria only to the newly added three
years. The reason behind this decision was, that if a given candidate source has no new
signicant activity during the additional three years, the six year result will not bring
any new information compared to the result for the rst three years.

4.5.1.1 IC59 to IC86-I Results
Using the selection criteria above, 53 sources out of 140 were selected and they are listed
in Table 4.2. The most signicant deviation from the background-only hypothesis was

◦

◦

observed for the Quasar PKS 2142-75 at (RA, Dec.)=(326.8 , -75.6 ).

To evaluate

the post-trial p-value, time-scrambled samples of the IceCube events were generated
and the analysis was repeated on them for all the selected sources.

Then, the most

signicant result for each of the scrambled datasets was identied and its signicance
compared to the p-value for our most signicant IceCube result (see Fig. 4.30). In 77%
of the scrambled datasets the p-value was equal to or smaller than the most signicant
p-value observed in the non-scrambled data and, therefore, it is well compatible with
background uctuations.
Figure 4.31 shows, for PKS 2142-75, the best-t ux threshold together with the
denoised lightcurve and the IceCube event weights

wi

dened in Eq. (4.7).

In this

gure, one can see that the best-t threshold value is rather high, therefore reducing
the time PDF to be non-zero only in a narrow time interval, leading to a low best-t
signal strength of

n̂s = 1.9
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Figure 4.30: The pre-trial p-value distribution for the time scrambled data is shown in
green.

The vertical red line indicates the value obtained for real data.

The inferred
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Figure 4.31: The denoised Fermi-LAT lightcurve for PKS 2142-75 is shown with the red
line and the red dashed horizontal line indicates the t result for the ux threshold. For
the lightcurve and the ux threshold, the red scale on the right is used on the y-axis.
The blue vertical lines are drawn at the times of measured IceCube events and the
height indicates the event weights

wi

dened in Eg. 4.7 on the left scale. Only events

in the periods when the lightcurve is above the best-t ux threshold contribute to the
signicance.

n̂s , γ̂s , ˆl, F̂th

log(Emax )

list the values used for calculating the 90% C. L. uence upper limit. The uence upper limits were calculated with
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is zero and the other best-t values have no physical interpretation.
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n̂s

and are hence provided only for sources that were positive uctuations. These limits were calculated for a ux with

spectral index of 2 irrespective of the actual best t value. For sources with under-uctuation, the number of tted signal events

threshold

time dependence corresponding to the tted signal in the likelihood (i.e. non-zero only when the Fermi LAT lightcurve is above the

and

F̂th ), log(Emin ),

are given. The p-values are pre-trial.

The columns Duration (i.e. the total amount of time for which the Fermi LAT lightcurve is above the threshold

coordinates of the sources the best-t values for the likelihood function parameters

Table 4.2: Results of the triggered multi-messenger are search for the IC59 to IC86-I data. Besides the names and the equatorial
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4.5.1.2 IC59 to IC86-IV Results
Since the down-going MESE sample was included for this analysis, we decided to provide
separate results for the northern (up-going) and the southern (down-going) hemisphere.
The 30 candidate sources selected for the northern hemisphere are listed in Table 4.3
while the 25 candidate sources for the southern hemisphere are in Table 4.4. The candidate source for which we obtained the most signicant deviation from the background
only hypothesis was the quasar PKS 0507+17 at (RA, Dec.)=(77.5

◦ , 18.0◦ ). Fig. 4.32

shows the distribution of the pre-trial p-values for the scrambled data where only the
candidate sources from the northern hemisphere were included. The resulting post-trial
p-value is 30%, a result compatible with the background only hypothesis.

Fig. 4.33

shows the threshold t result for PKS 0507+17.
10 3

most significat result
post-trial p-value: 30.18%

number of trials
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−log10 (pre-trial p-value)
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Figure 4.32: The pre-trial p-value distribution for the time scrambled data is shown
in green.

Only the candidate sources from the northern hemisphere were included.

The vertical red line indicates the value obtained for real data. The inferred post-trial
p-value is 30%.

Among the 25 candidate sources selected in the southern (down-going) hemisphere,
the one with the most signicant deviation from the background only hypothesis was

◦

◦

PKS 2136-642 at (RA, Dec.)=(325.0 , -64.0 ).

All the source are listed in table 4.4.

All the sources were used to obtain the distribution of the most signicant pre-trial
p-values for scrambled data samples (see Fig. 4.34), which yields a post-trial p-value for
PKS 2136-642 of 77%; compatible with the background only hypothesis. The best-t
threshold values and the lightcurve are shown in Fig. 4.35.
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Figure 4.33: The denoised Fermi-LAT lightcurve for PKS 0507+17 is shown with the
red line and the red horizontal line indicating the t result for the ux threshold. For
the lightcurve and the ux threshold, the red scale on the left is used on the y-axis. The
blue vertical lines are drawn at the times of measured IceCube events and the height
indicates the event weights

wi

dened in Eg. 4.7 on the right scale.

Only events in

the periods when the lightcurve is above the best-t ux threshold contribute to the
signicance.

10 3

most significat result
post-trial p-value: 77.40%

number of trials

10 2

10 1

10 0
0

1

2

3

4

5

−log10 (pre-trial p-value)

6

7

8

Figure 4.34: The pre-trial p-value distribution for the time scrambled data is shown
in green.

Only the candidate sources from the southern hemisphere were included.

The vertical red line indicates the value obtained for real data. The inferred post-trial
p-value is 77%.
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Figure 4.35: The denoised lightcurve is shown in red and the best-t threshold is the
horizontal red line; the left-hand red scale is used for both.
indicate the event weights

wi

The vertical blue lines

dened in Eq. 4.7 and the the right-hand blue scale

should be used for them.

4.5.1.3 Conclusions
None of the candidate sources selected for the analysis produced a statistically signicant deviation from the background only hypothesis. For sources for which the best-t
result was not an under-uctuation, we calculated uence limits.
An interesting case is the blazar PKS 1424-41; during the analyzed period it exhibited a strong outburst lasting many months. The lightcurve for this blazar is shown in
Fig. 4.36. The PKS 1424-41 blazar attracted the attention of the authors of [195], both
for the high activity of the source in
cascade event falling close (i.e.

γ -rays

and the the fact that there is an HESE

compared to its angular reconstruction error of

16◦ )

to the coordinates of the source. From energy considerations, a limit is derived on the
number of PeV neutrinos from PKS 1424-41 that could be observed by IceCube. During
the nine month are, the source power output can support a PeV neutrinos ux high
enough for IceCube to register 4.5 events [195].
This source was selected as one of the candidate sources for the analysis presented
in this section. The result was an under-uctuation. Fig. 4.37a shows the sensitivity
of the analysis for this source in terms of the number of signal events above

1 PeV

as a

function of the threshold.
If we take the same are duration of nine months (270 days) and from Fig. 4.37b
we obtain the corresponding threshold of about

1.5 × 10−6 ph cm−2 s−1 .

The limit we

can set on the number of signal events for this threshold is 3 neutrinos above

1 PeV.

This value is still compatible with the possible association of one of the HESE events
with this blazar. Note that the HESE event in question (event number 35 in Table 7)
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Figure 4.36: The denoised Fermi-LAT lightcurve of the blazar PKS 1424-41. The time
covered by the dierent IceCube data taking seasons is shown. The red horizontal line
indicates the ux selection criterion. A strong outburst is visible around the transition
from IC86-II to IC86-III.

(a) The sensitivity for PKS 1424-41 as a
function of the threshold in terms of number of signal events above 1 PeV.

(b) Time above threshold (are duration)
in days as a function of the threshold for
PKS 1424-41.

is a cascade event and therefore was not part of this analysis.
Another potentially interesting candidate source is the blazar 3C 279.
prominent candidate for registering neutrinos triggered by a
argue in [105].

γ -ray

This is a

are as the authors

It was included in the search, but it did not produce a statistically

signicant deviation from the background hypothesis. Nevertheless, for this source the
most promising period of high activity falls just outside the datasets analyzed in this
work [105]. It will be of great interest to apply this analysis for 3C 279 in the future.

18.0
21.4
22.0
24.2
25.3
32.3
34.2
34.4
35.9
37.5
38.1

PKS 0507+17

PKS B1222+216

Crab Pulsar

0827+243

ON 246

OP 313

1H 0323+342

B2 2308+34

S3 0218+35

B2 1504+37

4C 38.41

5.4

3C 120

16.1

5.0

PKS 0502+049

3C 454.3

4.7

J123939+044409

11.7

2.1

3C 273

10.9

1.6

PKS 0736+01

CTA 102

1.4

PKS B0906+015

PKS 2032+107

0.4

-0.3

PMN J0948+0022

-2.0

NRAO 190

Dec.
[◦ ]

PKS B2258-022

Name

248.8

226.5

35.3

347.8

51.2

197.6

187.6

127.5

83.6

186.2

77.5

343.5

338.2

308.8

68.3

76.3

189.9

187.3

114.8

137.3

147.2

70.7

345.3

RA
[◦ ]

0.39

-

2.03e-3

0.44

0.49

0.42

0.50

0.50

0.11

-

6.51e-3

-

-

0.47

8.04e-2

5.66e-2

0.19

0.40

0.41

0.50

-

0.24

-

p-value
0

6.11

0

19.28

9.04

1.38

3.07

0.35

0.29

6.84

0

5.09

0

0

1.42

29.71

6.04

1.95

12.14

1.01

0.17

0

19.75

n̂s
-

-2.15

-

-3.95

-2.95

-3.93

-3.95

-1.85

-1.45

-3.95

-

-2.35

-

-

-1.65

-2.55

-2.05

-3.95

-2.24

-2.85

-3.57

-

-3.95

γ̂s

-0.30

-

0.31

0.21

-0.49

0.05

0.40

-0.50

-0.06

-

0.3

-

-

-0.46

-0.50

0.01

0.34

0.35

0.14

0.11

-

-0.44

-

[days]

ˆl

0

-

2.84e-7

0

4.88e-7

3.10e-7

0

0

5.10e-6

-

3.89e-6

-

-

0

0

8.96e-7

1.16e-6

2.87e-7

2.33e-6

0

-

1.96e-7

-

2182

-

1639

2182

513

144

2182

2182

60

-

1

-

-

2182

2182

133

11

1938

1

2182

-

2122

-

F̂th
Duration
[ph cm−2 s−1 ] [days] log

Continued on next page

northern sky. Fro the column description see table 4.2.
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Duration
[ph cm−2 s−1 ] [days] log

-



2.9

2.9

2.9

3.0

3.0

3.0

Emin
GeV
log





5.2

5.2

5.3

5.6

5.7

5.7

-

Emax
GeV

Dec.
[◦ ]
-75.6
-64.0
-58.2
-49.9
-42.1
-40.7
-34.0
-37.9
-37.8
-36.5
-36.1

Name

PKS 2142-75

PKS 2136-642

PKS 1824-582

PKS 2326-502

PKS 1424-41

1ES 2322-409

PKS 0920-39

PKS 0426-380

PKS 1451-375

PKS 0521-36

PKS 0402-362

61.0

80.7

223.6

67.2

140.7

351.2

217.0

352.3

277.3

325.0

326.8

RA
[◦ ]

0.32

-

-

-

-

0.31

-

-

0.47

0.05

-

p-value
-

0.66

-

-

-

-

4.82

-

-

2.56

1.55

n̂s

γ̂s
-

0.45

-

-

-

-

0.27

-

-

0.23

0.40

-

[days]

ˆl

5.50e-6

-

-

-

-

0

-

-

0

1.42e-6

-

1

-

-

-

-

2182

-

-

2182

1

-

F̂th
Duration
[ph cm−2 s−1 ] [days] log

Continued on next page

-1.85

-

-

-

-

-3.95

-

-

-3.90

-2.07

southern sky. Fro the column description see table 4.2.



-



5.15

-

-

-

-

5.13

-

-

5.06

5.08

Emin
GeV

log





7.88

-

-

-

-

7.86

-

-

7.83

7.83

-

Emax
GeV

-

3.82

-

-

-

-

8.12

-

-

6.71

6.40

Fluence Limit
[GeV cm−2 ]
-

0.55

0.45

0.89

0.28

0.24

0.67

Fluence Limit
[GeV cm−2 ]

Table 4.4: Results of the triggered multi-messenger are search for the IC59 to IC86-IV data for the 25 candidates sources in the

38.2

Mrk 421

Name

Dec.
[◦ ]
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Dec.
[◦ ]
-30.5
-30.2
-25.5
-25.4
-23.4
-21.1
-16.9
-15.9
-14.6
-13.4
-13.1
-8.8
-5.8
-5.2

Name

PKS 2149-306

PKS 2155-304

PKS 1622-253

Fermi J2007-2518

PKS 0454-234

PKS 1830-211

PKS 0130-17

PMN J2345-1555

PKS 2233-148

TXS 1530-131

PKS 1730-130

PKS 1510-089

3C 279

PMN J0017-0512

4.4

194.0

228.2

263.3

233.2

339.1

356.3

23.2

278.4

74.3

302.4

246.4

329.7

328.0

RA
[◦ ]

0.39

0.36

0.49

-

0.36

-

0.12

-

0.32

0.36

0.45

-

-

-

p-value

-

-

-

2.33

4.35

1.25

-

4.57

-

2.05

-

6.35

2.16

2.57

n̂s

-

-

-

-3.94

-2.41

-1.95

-

-2.35

-

-3.30

-

-2.25

-2.46

-2.05

γ̂s

-0.49

-0.05

-0.50

-

0.50

-

-0.30

-

0.15

-0.50

0.34

-

-

-

[days]

ˆl

1.81e-7

4.43e-7

0

-

2.26e-7

-

7.28e-7

-

0

1.22e-6

0

-

-

-

1244

1486

2182

-

2157

-

89

-

2182

28

2182

-

-

-

F̂th
Duration
[ph cm−2 s−1 ] [days] log
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-

-

-



3.78

3.86

4.51

-

4.93

-

4.99

-

5.07

5.11

5.12

Emin
GeV
log





7.43

7.50

7.74

-

7.85

-

7.85

-

7.86

7.86

7.87

-

-

-

Emax
GeV

-

-

-

0.48

0.66

1.01

-

2.19

-

2.09

-

4.96

2.56

4.70

Fluence Limit
[GeV cm−2 ]
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4.5.1.4 Future outlook of the analysis: Monthly monitoring of aring sources
There is about a year and a half delay between the data recorded by the IceCube
detector and the time dependent analysis results. The aim of the work presented in this
section is to prove that with a slight modication of the triggered analysis presented
here a monthly monitoring of sources can be automatized.

As a matter of fact, the

analysis is now waiting for a formal approval from the collaboration to start producing
automatic monthly results. This is a substantial result for IceCube because it preludes
to a possible axiomatization of many of the cosmic neutrino source searches in IceCube.
The core of the monthly analysis is identical to the Search for triggered multimessenger ares, the starting point is the Fermi-LAT monitored source list [188] and the
same lightcurve processing is used. The dierence is the time scale and the variability
selection criteria.
There are near real time analyses with IceCube data which are meant for sending
alerts to observatories.

These analyses use data samples which are processed very

rapidly, but lack the advanced time consuming reconstructions. In contrast to the near
real time analyses of IceCube, the time scale of this analysis is one month. On shorter
scales it becomes problematic to resolve the ares in the one day binned Fermi-LAT
lightcurves. The current state of the IceCube data processing should be able to deliver
the data samples selected with the same procedure as the IC86-II to IV PS selections
with only a week delay.
As the monitoring requires an approval from the collaboration for future data, the
whole analysis has to by fully automatic and reproducible. This minimizes the chances
for a human error and makes the results more transparent.

For this reason, all the

settings and the log les are part of the nal monthly report which is generated in a
form of a web page.
As for the Search for triggered multi-messenger ares, the rst step is to download
the Fermi-LAT data and do the basic processing. Next, the Bayesian Blocks denoising
algorithm is applied. To avoid failing to recognize ares happening at the edge of the
time window (one month), we include

±15

days with respect to the edges of the time

window. Therefore, a two month lightcurve will be processed and analyzed, but only
the central 30 days will be used for the variability criterion to select sources to analyze.
Once the denoised lightcurves are available, the source following selection criteria
are applied: that the denoised lightcurve ux must reach above

10−6 photons cm−2 s−1

and a cut on the variability measure. The variability evaluation used in the Search for
triggered multi-messenger ares is not suitable for the much shorter time scales of this
analysis as is excludes 10% of the highest and lowest lightcurve blocks; that becomes
problematic on the monthly scale with only few blocks.
First, all local maxima within the central 30 days are found.

Next, all possible

triangle congurations are constructed. Their top vertex being the local maxima. Left
and right vertices can extend to the 15 day margins to account for ares happening at
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Figure 4.38: Example of a denoised lightcurve (solid magenta line) together with the
original data (black data points) for quasar CTA 102. The triangle for the variability
measure is shown - for details see the text. The central 30 days are surrounded by the
15 day margins (the shaded area).

the edge. For each triangle the following quantity is calculated:

where

l

h
V =p
,
l[days] · hlow
is the length of the bottom triangle side,

below the maximum and

hlow

h

(4.16)
is the the height of the triangle

is the value of the bottom triangle side below the maxi-

10−6 photons cm−2 s−1 . The quantity
√
V is an attempt to measure how pronounced a are is. The ratio h/ hlow is larger
√
the higher the maximum point above the triangle base. Also due to the
hlow in the
mum. Both

h

and

hlow

are measured in units of

denominator, ares have to reach relatively higher if the surrounding ux level is high.
The factor

√

l in the denominator gives a greater variability measure for narrower ares.
V is calculated for all triangles and the maximum is used as the variability

The quantity

of the lightcurve. Example is shown in Fig. 4.38.
Once the candidate sources for a given month are selected, the same time dependent
likelihood analysis as for the Search for triggered multi-messenger ares is applied.
The procedure will be executed once per month, with the 15 days overlaps.
Finally, a web page is generated with not only the results for the selected sources
but all the details of the whole procedure.

The web page also contains tables of all

sources and the results for them month by month allowing long term monitoring.

4.5. Triggered searches

4.5.2
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Search for triggered ares with sporadic coverage

This search was performed to cover a potentially interesting group of sources that did
not pass the selection criteria in section 4.5.1. These are sources which exhibited ares in
the TeV range, but did not show a signicant activity in the lower energy range covered
by the Fermi-LAT lightcurves.

For these ares Astronomer's Telegrams (ATel) were

issued by imaging air-Cherenkov telescopes such as H.E.S.S., MAGIC or VERITAS. As
explained in section 1.4.3, orphan ares are good targets for a time dependent search;
while their emission at low energies to which Fermi LAT is sensitive may be small or
absent, a larger fraction of energy can be emitted in the TeV range, where hadronic
processes are most likely to occur [102104]. This search was performed for the IC-79
and IC-86I periods and in future should be extended to cover recent data samples as
well.
The time dependent part of the signal PDF is a normalized box function.

The

box shaped time PDF was dened as being equal to zero in the whole period except
for the are time reported by the ATel plus a one day margin before and after. The
use of detailed lightcurves was impossible in this case because there is no continuous
monitoring of TeV observations, unlike the monitoring Fermi-LAT provides at lower
energies. Since the duration of the are was xed, the likelihood function was maximized
only with respect to the spectral index

γ

and the number of signal events

ns .

4.5.2.1 Results
Table 4.5 lists the candidate sources. These were selected from the reports found in the
ATel indicated in the table. Two sources, 1ES 0806+524 during IC-79 and PG1553+113
during IC-86I, showed a positive uctuation over the background but the p-values are
compatible with the background.

Season

IC-79

IC-86I

Source

ATel num.

Time range in MJD

n̂s

γ̂s

p-value

1ES 0806+524

3192

55615 < T <55618

0.78

3.95

0.24

HESS J0632+057

3153, 3161

55598 < T <55602

0

-

-

1ES 1215+303

3100

55562 < T <55565

0

-

-

PG1553+113

4069

56036 < T <56039

0.8

3.95

0.23

BL Lacertae

3459

55739 < T <55742

0

-

-

Table 4.5: Source candidates selected for the Search for Triggered Flares with Sporadic
Coverage. The best-t values for the number of signal events

γ̂s

n̂s

and the spectral index

are listed. The p-values are pre-trial; the dashes indicate that the source best-t was

for zero signal events.
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5.1 Motivation
Air shower experiments have established the existence of UHECRs, i.e.
energies above

1 EeV.

CRs with

The spectrum in this energy region has a spectral index of about

-2.6, but drops rapidly at

20 EeV

(see Fig. 1.3). This drop, the GZK limit, is thought

to be a consequence of the UHECR interactions with the CMB.
The GZK limit means that if we select UHECR with energies above
origin should be within

100 Mpc (see Fig. 1.4).

50 EeV

their

At these energies, the magnetic deection

are becoming small enough for the UHECR to point back in the general direction of
their origin (see section 5.2). Nevertheless, no signicant clustering of UHECR has been
found yet, although directions with higher densities of UHECRs such as the TA hot
spot [174] and the direction of Cen A [170] have been reported. It is possible that with
a larger sample of UHECRs measured in future - adding statistics, the UHECR will
exhibit signicant anisotropies or clustering in a few source directions.

Nonetheless,

not only the statistics makes UHECRs clustering studies problematic, but also the yet
poorly known magnetic elds which cause uncertain spreads of the arrival direction of
UHECRs. The spread in fact depends on the charge

Z

of the UHECR and the UHECRs

composition is poorly known as well.
High energy neutrinos could provide a crucial and valuable insight into the problem
of the origin of UHECR. As discussed in sections 1.3 and 1.4, neutrino production is
expected to accompany the UHECR acceleration. Combining the UHECR and neutrino
samples might yield a signicant result due to the common origin of these events from
cosmic sources. Important to stress is that if such correlation is found, due to the fact
that neutrinos are not aected by magnetic elds, the location of the sources would
be determined with much greater precision compared to a hypothetical UHECR only
result.

Note that if UHECR and neutrinos have common origin the neutrino energy

will be lower than the UHECR energy and that they are not expected to arrive at the
same time.

5.2. Magnetic deections of UHECRs
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5.2 Magnetic deections of UHECRs
In any study using the arrival directions of CRs their deections by magnetic elds need
to be considered. The UHECR encounter extragalactic magnetic elds before reaching
inside the Galaxy and can be inuenced by the galactic elds.

Measurements of the

Faraday rotation of extragalactic sources put an upper limit on the extragalactic elds

∼ 10−9 G [196198]. Translated into deections angle for a proton of 1020 eV,
◦
this corresponds to 2 for traveled distance of 50 Mpc and coherence length smaller
than 1 Mpc. For heavier elements this value needs to account for their composition and
be multiplied by Z .
strength at

Of the two components of the Galactic magnetic elds, the turbulent and the regular,
the latter is expected to have a dominant inuence on the CR arrival direction [199].
There are several models of the regular Galactic eld in the literature (see, e.g., [200]
for a recent review). While the averages of the magnitudes of the deections across the
sky predicted in these models are similar, individual deections in a given direction of
the sky vary substantially, hence reliable predictions have not yet been achieved.
To obtain an estimate of the magnetic deections aecting specically the samples
used in this analysis,

105

random CRs were simulated.

For this simulation, the TA

and Auger exposures were used for the CR sampling to include the eect of dierent
deections in the dierent regions of the sky. The dierent number of UHECR in TA
and Auger is accounted for by weighting the simulated CRs accordingly. The deection
angle according to the two most recent Galactic magnetic eld models [201, 202] is
calculated assuming the primary CR to be a proton and its energy to be

1020 eV.

The

result is shown in Fig. 5.1. The distributions for the two models are rather wide and
although they dier in shape, the median deections are of the same order of
The magnetic deection will also depend on the CR composition.

∼ 3◦ .

For both TA

and Auger, the determination of the UHECR composition remains challenging. At the
highest energies it is still uncertain [203, 204], therefore the assumed CR deections are
uncertain as well.
In summary, it appears unlikely that typical UHECR deections at
are smaller than

2−

E = 1020

eV

3◦ , but they may be signicantly larger in the case of a heavier

composition. In particular, if the deections are not too large, they scale approximately
as

Z/E ,

where

Z

is the atomic number.

In view of these large uncertainties, when

considering likelihood tests we perform the analyses for benchmark deection values,
parameterized by the deection

D

of a proton at

E = 1020

eV. For simplicity, we model

individual deections as a random variable with a 2-dimensional Gaussian distribution
with the energy-dependent width:

σMD (E) = D × 100 EeV/E.
We consider test values of

D = 3◦ , 6◦ ,

and

9◦ ,

(5.1)

which are compatible with the

Chapter 5. High Energy neutrinos and Ultra High Energy Cosmic Rays
128
correlation study

Frequency [arb. units]

0.5

JF2012
PT2011

0.4
0.3
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0.1
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Deflection [°]
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Figure 5.1: Distribution of UHECR deections in two Galactic magnetic eld models
marked PT2011 [201] and JF2012 [202] for the regular component.
actual UHECRs are renormalized to show the distributions for

The energies of

E/Z = 100

EeV. The

double-peak structure is mostly due to the fact that UHECRs from dierent Galactic
hemispheres undergo dierent deections.

distributions for protons displayed in Fig. 5.1 and may also account for somewhat
heavier cosmic rays.

5.3 High Energy Starting Events and Ultra High Energy
Cosmic Rays correlation with a stacking method
Stacking a set of sources, i.e.

summing up the contributions of multiple sources, is

a well-known way of accumulating multiple weaker signals to enhance the discovery
potential. Even if the background is also stacked, a better sensitivity can be achieved
with this procedure than when looking at the same number of sources separately. Since
neutrinos are neither deected nor absorbed on their way to Earth, here we stack the
arrival directions of the neutrinos and search for coincident sources of UHECRs.
The UHECRs to be used with this method come from two experiments, the Telescope Array and the Pierre Auger Observatory and we will develop the formalism for
the method accordingly. The log of the likelihood function is dened as:

5.3. High Energy Starting Events and Ultra High Energy Cosmic Rays
correlation with a stacking method
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NAuger

NCR − ns i
ns i
SAuger +
BAuger
log L(ns ) =
log
NCR
NCR
i=1


N
TA
X
NCR − ns i
ns i
+
STA +
BTA ,
log
NCR
NCR


X


(5.2)

i=1

where

ns ,

the number of signal events, is the only free parameter,

is the total number of UHECRs,

i
SAuger

and

i
STA

NCR = NAuger + NTA

are the signal probability density

functions (PDFs) for Auger and for TA, respectively, and

i
BAuger

and

i
BTA

are the

corresponding background PDFs.
The Auger signal PDF has the following form:

i
SAuger
(~ri , Ei ) = I · RAuger (δi ) ·

I is
RAuger (δi )
where

a normalization factor,

~ri

N
src
X

Sj (~ri , σ(Ei )),

(5.3)

j=1

is the angular position of the

ith

UHECR event,

takes into account the Auger detector response, e.g., the relative exposure

for given event declination

δi

(see Figure 3.3 in chapter 3.2). In the last term, the source

stacking, i.e. the sum over the contributions from all
signal PDF value taken at

~ri

for the

j th

Nsrc

sources,

Sj (~ri , σ(Ei ))

is the

source.

The HESE neutrino events, which are used as the stacked sources, are obtained in
the form of normalized directional maps of the HESE analysis likelihood [151]. These
maps, which account for the angular error of reconstruction of each event, are the
starting point for constructing the signal PDF

Sj (~ri , σ(Ei )).

To include the angular

resolution of the UHECR observatories and also the energy dependent deection in the
galactic magnetic elds, the signal PDF depends on

σ(Ei ) =
where

σAuger = 0.9◦

q

σ(Ei ):

2
2 (E ),
σAuger
+ σMD
i

is the angular resolution of Auger and

deection for UHECR event of energy

(5.4)

σMD (Ei )

is the magnetic

Ei .

Sj (~ri , σ(Ei )) is dened as a convolution of the neutrino
Sjν (~ri ) obtained from the IceCube event reconstruction
two-dimensional Gaussian with σ(Ei ) as dened in Eq. (5.4). It

The signal PDF

direc-

tional likelihood map

and a

symmetrical

is not

computationally feasible to evaluate the convolution by performing the integrations in
a two-dimensional space.

Instead, a method of the software package for Hierarchical

Equal Area isoLatitude Pixelization of a sphere (HEALPix) is used [205]. This package,
developed for analysis of the CMB measurements, provides a fast way to transform a
skymap into spherical harmonics and back.

A convolution in the space of spherical
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harmonics corresponds to coecients multiplication and is therefore much more suitable for calculating the convolution than numerical integration. The gaussian beam
smearing method of HEALPix is used for the convolution to obtain the signal PDF.
The signal PDF for Telescope Array

i
STA

has the same form as Eq. (5.3), but the

relevant parts are replaced with the Telescope Array equivalents, namely
is replaced by the Telescope Array relative exposure
angular resolution is
The background

σTA = 1.5◦ .
i
PDFs, BAuger

and

i ,
BTA

RTA (δi )

RAuger (δi )

(see Figure 3.3) and the

represent the probabilities of observing a

cosmic ray from a given direction assuming an isotropic ux. Therefore, they are taken
to be the Auger and TA normalized exposures (see Figure 3.3).
The test statistic is dened the same way as specied in Eq. (4.6) and numerical
maximization is used to nd the best-t value for the single parameter

ns .

The UHECR samples used in this analysis were obtained via a memorandum of
understanding signed by the three collaborations involved. The details of these samples
are discussed in section 3.2 together with a brief description of the auger and TA
experiments.
The events measured by IceCube have two distinct topologies, cascade-like and
track-like, and they have very dierent properties in terms of the angular and energy
reconstruction.

For this reason, two samples have been selected to be analyzed sep-

arately against a combination of UHECRs, high-energy cascades and high-energy
tracks.
The 39 high-energy cascades are all from the IceCube HESE sample (see section 2.6.3). The full list can be found in Appendix A.
The high-energy tracks is a combined set from the HESE sample tracks and the
high energy through-going tracks sample (see section 2.6.3). We have not used all the
detected track-like events, but only the 7 that are more likely to be of extraterrestrial
origin due to their high energies and/or arrival directions.

This way we attempt to

further reduce the atmospheric muon background. The rest of the high-energy tracks
for this analysis consists of the 9 highest energy events from the high energy throughgoing tracks sample. All the 16 high-energy tracks are listed in Appendix B.
Fig. 5.2 shows a map of the samples, both the neutrino events and the UHECR
events, in Equatorial and Galactic coordinates.
In Fig. 5.3, we show the normalized neutrino likelihood maps convoluted with the
exposures of the two CR observatories in order to demonstrate the spread of the dierent
observed neutrino arrival directions visible from each site.
To evaluate the sensitivity and discovery potential of this method we perform simulations in which we generate

NCR

a number

ns

NCR = NAuger + NTA

UHECR events. Out of the total

of cosmic ray events are assumed to come from the sources.

The

sources are assumed to have an equal apparent luminosity at Earth.
To generate the

ns

signal events, rst a decision is made as to whether each event

5.3. High Energy Starting Events and Ultra High Energy Cosmic Rays
correlation with a stacking method
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Figure 5.2: Maps in Equatorial and Galactic coordinates showing the arrival directions
of the IceCube cascades (black dots) and tracks (diamonds), as well as those of the
UHECRs detected by the Pierre Auger Observatory (magenta stars) and Telescope
Array (orange stars).

The circles around the showers indicate angular errors.

The

black diamonds are the HESE tracks while the blue diamonds stand for the tracks from
the through-going muon sample. The blue curve indicates the Super-Galactic plane.

is a cosmic ray measured by Auger or by TA, with a probability given by the fraction
of the number of events measured by each observatory. Then, the energy is sampled
from a power law distribution with a spectral index as measured by the observatory
to which the simulated event was assigned. As the event is assigned to Auger or TA,
a second decision is made about the sources (i.e. neutrino positions) the event comes
from.

The declination of the sources is considered in the process to account for the
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Figure 5.3: Neutrino likelihood maps convoluted with the exposures of the CR Observatories in Equatorial coordinates. The two upper plots are for the high-energy cascades,
while the two lower ones are for the high-energy tracks.

The declination-dependent

exposure of Auger is applied in (a) and (c) and that of TA in plots (b) and (d).

observatories' exposures. Finally, the event arrival position is chosen from the neutrino
directional likelihood map smeared with Gaussian with

σ(Ei )

dened in Eq. (5.4). The

energy dependent smearing simulates the signal event magnetic deection. Technically,
the last three steps (source selection, energy dependent smearing and obtaining the
position) are greatly simplied by using the HEALPix maps in Fig. 5.3. It is sucient
to smear the corresponding probability map from Fig. 5.3 and sample the position. By
doing so, the declination dependence is correctly treated as well as the signal events
magnetic deections.
The (NCR

− ns )

background events have isotropic arrival direction. Therefore, to

simulate the background events their position is uniformly distributed in right ascension
and the declination is sampled according the the observatories' exposures. The number
of background events to follow the TA or the Auger exposure is set so, that added to the
number of TA or Auger signal events, it matches observatories sample counts
and

NAuger

NTA .

In Table 5.1 the discovery potential and sensitivity calculations are shown in terms
of the total number of cosmic-ray signal events. We note that in these simulations we
adopted the same value of the deection parameter

D

in the

log L

as the one used to

simulate the CR deections. If the actual deections were dierent than the values of

D

5.4. Results
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Sensitivities and pre-trial

3σ

5σ

and

discovery potentials (DP(3σ ) and

DP(5σ )) for the likelihood stacking method in terms of the total number of cosmicray signal events.

High-energy tracks

D
3◦
6◦
9◦

sensitivities

DP(3σ )

considered in

High-energy cascades

DP(5σ )

sensitivities

DP(3σ )

DP(5σ )

7.4

15.7

29.1

22.8

55.4

89.9

12.9

27.1

47.8

32.0

72.6

121.2

18.0

38.5

64.5

53.1

98.6

163.7

log L,

the discovery potential would become worse, but still the analysis

would have some sensitivity.

5.4 Results
The results of the likelihood stacking method are summarized in Table 5.2. The most
signicant deviation from the isotropic ux is found for the magnetic deection parameter

D = 6◦

for the cascade sample. The observed pre-trial p-value is

2.7 × 10−4 .

Due to this rather small value, the post-trial p-value calculation based on generating

background-only samples and counting the fraction of those more signicant than the
result is not feasible as it is too time consuming. We then conservatively apply a trial
factor of 3 to account for the 3 values of the magnetic deection parameter

1

the analysis . The obtained post-trial p-value is
High-energy tracks

D
3◦
6◦
9◦

TS

pre-trial

ns

TS

4.2

0.6

0.22

53.7

8.21

0.5

2.7 × 10−3

0.48

85.7

11.99

under-uctuation

106.1

11.32

0

used in

High-energy cascades

ns

0

p-value

D

8.0 × 10−4 .
p-value
2.1 × 10−3
2.7 × 10−4
3.8 × 10−4
pre-trial

Table 5.2: Results for the likelihood stacking analyses with the high-energy tracks and
high-energy cascades.

It is important to stress that all the quoted p-values consider as null-hypothesis an

1

This approach is conservative since when using generated background-only samples it was observed
D = 3◦ , 6◦ , and 9◦ are strongly correlated. When these simulations

that the signicances obtained for

were used to obtain trial factors for less signicant pre-trial p-values we obtained trial factors smaller
than 2.
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isotropic UHECR ux, while directions with higher densities of UHECRs such as the
TA `hot spot' [174] and the direction of Cen A [170]in the Auger sample have been
reported. Hence, in an additional a posteriori study we also evaluated the signicance
under the hypothesis of an isotropic distribution of neutrinos. In this case the UHECRs
have been kept xed (hence preserving the degree of anisotropy in the arrival directions
of CRs). We assigned random right ascensions for the arrival directions of the neutrinos
and to account for the declination dependence of the IceCube acceptance we kept the
declination of the neutrinos xed.

We generated 3000 trials and evaluated the most

signicant p-value among the three angles

D = 3◦ , 6◦ ,

and

9◦ .

To obtain the post-trial

p-value we counted the number of cases for which the signicance of the generated
samples was higher than the real data result. This yields a post-trial p-value under the
hypothesis of an isotropic distribution of

1.3 × 10−3

(i.e. about 3σ ).

D

for the stacking

analysis with cascades, shown in Figure 5.4, reveals that the minimum

p-value happens

An a posteriori scan over the values of the assumed deection

very close to one of the values adopted for the analysis, i.e.,

pre-trial p-value

10-2

D = 6◦ .

Cascades

10-3

10-4

2

3

4

5

6
D [°]

7

8

9

10

Figure 5.4: A posteriori angular scan for the stacking with the high-energy cascades.
The analysis was done only for the three chosen values of

D: 3◦ , 6◦

and

9◦ .

5.5 Discussion and conclusions
For the stacking analysis done with the high-energy cascades and a deection hypothesis
of

D = 6◦ ,

8.0 × 10−4 was obtained under the assumption of
1.3 × 10−3 under the a posteriori assumption of

a post-trial p-value of

isotropic ux of UHECRs and

an
an

isotropic ux of neutrinos. The results are not signicant enough to draw any strong

5.5. Discussion and conclusions
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conclusions and are compatible with being uctuations of an isotropic distribution. It
will be interesting to study these ndings further with increased statistics in the future.
A closely related study using the same data but a dierent method (cross-correlation)
has been performed [206]. This study scans the angular distance between the UHECR
and the neutrinos and counts the number of pairs within the range. that study does not
assume a magnetic deection, instead the angular scale at which the largest deviation is
found is part of the result. In this cross-correlation analysis, the authors have obtained
a maximum deviation from a background only model for an angular scale of

22◦ ,

with

−4 under the assumption of an isotropic ux of UHECRs
a post-trial p-value of 5.0 × 10
−3
and 8.5 × 10
in the a posteriori study under the assumption of an isotropic ux of
neutrinos.

The angular distance at which an excess would occur in the case of the crosscorrelation includes not only the magnetic deections at the corresponding CR energies
but also the experimental angular uncertainties. In the case of cascades, the angular

∼ 15◦
∼ 60 EeV,

uncertainty is
have

ECR

and it is

∼ 1◦

for the CRs.

Since most CRs in the data set

the assumed magnetic deection, where the smallest p-value is

found in the case of the likelihood stacking analysis with the cascades (σMD (ECR )

6◦ ×100 EeV/E

CR ), is

∼

=

10◦ in most cases. To translate this into an angular scale where

one would nd an excess in the cross-correlation analysis (if there was a signal), we add
the dierent angular scales in quadrature, obtaining
This scale is comparable to the

22◦

p
(15◦ )2 + (1◦ )2 + (10◦ )2 ∼ 18◦ .

where the smallest p-value is found for the cross-

correlation performed with the cascades.

Hence, the magnetic deection of the CRs

one would infer from the cross-correlation analysis with the cascades is comparable to
the value leading to the smallest p-value in the likelihood analysis, even if none of the
results are at a level where any strong claims can be made.
The absence of a strong correlation between neutrinos and UHECRs may have a
number of causes. In particular, one has to keep in mind that if the strong suppression
in the cosmic-ray ux observed above 4050 EeV is due to the attenuation of protons
on the CMB through photopion production (or of nuclei due to photodisintegrations),
the majority of the observed UHECRs above 50 EeV should have been produced in
sources relatively nearby, i.e., within

∼ 200

Mpc. On the other hand, the astrophysical

neutrinos may come from sources at any distance since neutrinos are not limited by absorption. Hence, only a small fraction of the extragalactic neutrinos, those from sources
relatively nearby, may have the same sources as the observed UHECRs. Considering
for instance that the neutrino sources extend to at least z=1, the overall extragalactic
contribution arising from sources closer than 200 Mpc is not expected to exceed a few
percent (in the case of no source evolution and uniform source distribution) and could
be particularly suppressed if the evolution of the sources is strong. Another diculty
in observing common UHECR and neutrino sources is that while the neutrinos arrive
straight from their sources, the deections of charged cosmic rays in Galactic and ex-
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tragalactic magnetic elds induce sizeable delays between the arrival times of CRs and
those of the neutrinos, which are typically much larger than the duration of the experiments. Hence, if the sources are burst-like rather than steady, the burst of neutrinos
would arrive long before the associated UHECRs and their simultaneous observation
could not be feasible. Finally, the sources capable of producing PeV neutrinos, which
are those able to accelerate protons up to energies of a few tens of PeV, may only rarely
be able to also accelerate cosmic rays to ultrahigh-energies. Hence, it may be natural to
expect that only a small fraction of the observed energetic neutrinos come from sources
that also produce UHECRs.

Chapter 6

Characterization of the light
concentrators of the SST-1M of the
Cherenkov Telescope Array

The camera of the SST-1M (see sec tion 3.2.3) uses a very innovative design incorporating SiPMs as the light detection sensors. The SiPMs used for the SST-1M camera
have a smaller active area than the optimal hexagonal pixel size of

23.2 mm

measured

at-to-at. This is possible thanks to the employment of light concentrators, referred to
as cones, focusing light on the detector sensitive area. These hexagonal concentrators
have a compression factor (the ratio of the exit to the entrance area of the concentrator)
of about 6. Fig. 6.1 shows the SiPM and the cutout of the cone. An equally important
function of the cones is to prevent photons from outside of the designed eld of view to
reach the SiPM. The cut-o angle, depending on the mirror size of about 4 m diameter
and the focal length of the telescope of 5.6 m is

24◦

[207].

The cone shape has been optimized within the following limitations: a cut-o angle
of

24◦ , entrance window size of 23.2 mm and exit window size of 9.4 mm - both measured

at-to-at. The light cone shape (a cubic Bézier function) with hexagonal bases was
obtained optimizing the collection eciency [207].
The hollow cones with the optimum shape are made of black polycarbonate using
plastic injection molding. This technique allows mass production, an important aspect
as each camera has more than thousand pixels and about 20 telescopes will have to be
provided. The cones are produced in the form of two halves, to be glued together to
complete the shape.
As these plastic halves are made of black plastic, they need to be coated with a
reective material in order to serve their purpose of light concentrators. Multiple factors
make the coating a very challenging process: the coated surfaces are curved, the coating
has to be deposited on a plastic surface, the degradation of the optical properties with
time has to be minimal, the coating has to withstand cyclic temperature variations,
and a high reectivity at small angles is required for UV light.

In cooperation with

BTE [208] and TFP [209] such coating was developed and applied.
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Figure 6.1: The plastic light concentrator on top of the SiPM sensor.

6.1 The experimental setup
The delivered prototypes were tested in the laboratory of the Geneva University to
conrm that they match the requirements in terms of the reectivity as a function of
the incident angle [207]. Fig. 6.2 shows the measurement setup.
The principle of the measurement is as follows: a LED emitted light passes trough a
diuser to improve the uniformity. Next, a splitter directs part of the light to a reference
photo-diode. The rest of the light beam is collimated and with the use of two lenses
converted into a parallel beam. A rotational stage is mounted in the direction of the
parallel beam. It is equipped with a cone holder and a photo-diode with an area large
enough to cover the cone entrance window.
First, the setup has to be calibrated to determine the zero angle of the rotational
stage. This is done using a narrow pinhole and iterating until a symmetrical response
is obtained around the zero angle [207].
Next, the amount of light at the cone entrance has to be determined.

For this

measurement, no cone is mounted in the holder and the large area photo-diode is placed
at the position where the cone entrance would be. A mask with the shape of the cone
entrance is placed in front of the photo-diode to delimit a region equal to the cone
entrance area. With this set-up two measurements are performed: one with the LED
o to measure the contribution of sneaking ambient light in the set up that needs to
be subtracted; the second with the LED on is done with the reference photo-diode to
correct the uctuations of the LED.
At this point the cone is mounted in the holder on the rotational stage and the large
area photo-diode is placed to measure the amount of light at the cone exit. Similarly to

6.1. The experimental setup
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Figure 6.2: The experimental setup for measuring the transmissivity of the cones as a
function of the incident angle.

the cone entrance measurement, the angular dependence is scanned and for each angle
the LED on and o data is registered. The resulting transmissivity is calculated as the
ration of the cone exit measurement divided by the cone entrance measurement.
Six dierent positions of the cone with respect to the cone axis are investigated and
for each the whole range of incident angles is scanned. This produces three scans where
the incident angles are scanned from vertex to vertex and three which are scanned from
at to at.
The method allows for measuring the transmissivity and the cuto angle. After several iterations with the companies which apply the coating, a satisfactory performance
was achieved; 93% transmissivity at normal incident angles and a cuto angle close
to

24◦

(see Fig. 6.3).
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Figure 6.3: The transmissivity measured for the prototype cones at

355 nm

[207]. In

the left-hand side panel, the average of the three at-to-at measurements is shown.
The average of the three vertex-to-vertex measurements is in the right-hand side panel.
The measurements are compared to a Zemax simulation.

6.2 Light concentrators quality testing
After the prototypes were conrmed to meet the requirements, the production company
was chosen. For the large scale production the company changed the equipment they
were using; moving from a small test chamber to a large mass production one. Another
round of testing was performed and again few iterations were necessary to ensure the
coating properties remained satisfactory. Fig. 6.3 shows the performance of the reference
prototype cone and a cone from the mass production batch. The same transmissivity
was achieved within the error bars and the cone was approved for the camera.
Another aspect to test is the cone assembly.

The cones are produced and coted

in two parts/halves. To nalize a cone, the two halves need to be glued together and
screws have to be attached at the bottom.

The nal product transmissivity can be

aected by the process; the halves alignment has to be precise, the glue should not spill
over and compromise the reective surface. A gluing jig was designed by the university
engineers for the process and the optimal amount of glue had to be determined.

As

Fig. 6.5 shows, in the initial trials of the gluing process the cones transmissivity was
aected.
The gluing process was rened and Fig. 6.6 shows that only minimal worsening of
the transmissivity was achieved.
The cones at this stage are tested and they meet the design requirements.

Nev-

ertheless, once the telescopes are installed on the site, the cones have to be able to
withstand the climatic conditions. They are protected by the a Borooat entrance window from dirt and mechanical damage, but temperature changes could be an issue. In
order to evaluate the possible degradation of the transmissivity, the cones were subject
to a cyclic thermal test. In a climate chamber the temperature was repeatedly varied
from

−15 C◦

to

35 C◦

and back.

Fig. 6.7 shows the transmissivity for cones after a

6.2. Light concentrators quality testing

Figure 6.4: Comparison of the transmissivity measured at
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355 nm for the rst approved

prototype cone (shown by the gray line) and a cone with the new mass production
coating. In the left-hand side panel, the three at-to-at measurements are shown; the
three vertex-to-vertex measurements are in the right-hand side panel. Incident angles
measured to the two sides from the cone axis are shown separately (denoted as forward
and reverse); a cross-check whether the cones are symmetric.

The lower plots show

comparison of the averages. The desired cuto angle is indicated as well.

Figure 6.5:

The characteristics of the same cone before (in gray) and after gluing

measured at

355 nm for the three vertex-to-vertex directions.

A signicant deterioration

is visible for some cone sides.

number of cycles and the dierence to a reference cone. Even after 40 thermal cycles no
deterioration was observed, the measurement variations were consistent with the cone
to cone dierences.
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Figure 6.6: The eect of the gluing process after the procedure was improved measured
at

355 nm.

Only minimal deterioration of the performance as measured before gluing (in

gray) and after is visible. In the left-hand side panel, the three at-to-at measurements
are shown; the three vertex-to-vertex measurements are in the right-hand side panel.

6.3 Conclusions
The experimental setup developed by the collaborators at the University of Geneva was
used to characterize the light concentrators (cones) for the SST-1M camera. The rst
aspect to address was that the mass production technology meets the prototype cone
quality. Also the eects of the cones assembly were evaluated, giving feedback for the
process to be improved.

Finally, these studies ensured that a large amount of these

light concentrators can be produced with sucient and consistent optical quality. The
cones were also successfully tested for the eects of thermal variations.
As this thesis is nalized, the SST-1M camera is in the nal phase of completing
it. All the dierent components (optics, electronics, cooling, and also readout software)
are being put together to create a marvel of modern technology.

6.3. Conclusions
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(a)

(b)
Figure 6.7: In the upper panel, the transmissivity of four cones which underwent 10, 20,
30, and 40 thermal cycles is shown together with a reference cone. In the lower panel
the dierence between the reference cone and the tested cones is shown. All the cones
are within the expected cone to cone variations and no degradation due to the thermal
cycles was observed.

Chapter 7

Summary and outlook

The main focus of this thesis was searching for the common cosmic sources of the astrophysical neutrinos and cosmic rays. IceCube samples of well reconstructed track-like
events were used in time dependent clustering with multi-messenger strategies. These
concern the usage of other experiments measuring gamma-rays and CRs to increase
IceCube sensitivity based on the very reasonable assumptions that CRs, gamma-rays
and high-energy neutrinos are produced in hadronic processes in the same sources. The
most generic search among those was looking for event clustering in both position and
time anywhere in the sky. This study suers from a large trial factors but as no strong
assumptions are used for the sources, it could nd an unexpected and surprising result. A multi-messenger search was performed, in which the information of the IceCube
samples was combined with

γ -ray

observarions from Fermi-LAT. The lightcurves of

Fermi-LAT aring sources were denoised using an improved and generalized version of
the Bayesian Blocks algorithm. The lightcurve quality was further improved by excluding the eects of solar ares and extending the energy range. These lightcurves were
used to drive the IceCube analysis - they serve as a time PDF. The candidate sources
selected on the basis of their variability in

γ -rays

were evaluated against 6 years of Ice-

Cube data. A complementary work has been done on converting such an analysis into
a monthly source monitoring framework. A potentially interesting class of candidate
sources with emissions observed in the TeV

γ -rays

was treated separately. A time win-

dow determined by reports of aring behavior was used in an attempt to nd correlated
aring behavior in neutrinos. None of the time dependent analyses produced a result
which deviates from the background only hypotheses. Nevertheless, by the nature of
the time dependent analyses, there is always the chance that the next portion of data
to be analyzed could contain a game changing result. Fluence limits were derived for
the sources and a model on PeV neutrino emission for PKS 1424-41 was constrained.
Another multi-messenger search looked for spatial correlations between the highest energy neutrinos and UHECRs.

The magnitude of the magnetic deections for

the UHECR was taken into account in energy dependent manner.

The estimates of

the magnetic deections were combined with the angular errors of experiments measuring neutrino and UHECR directions to obtain a consistent treatment of the origin
uncertainties.

The UHECR sample was a combined set of the highest energy events

measured by the Pierre Auger Observatory and the Telescope Array; in total 318 events
above

50 EeV.

Two distinct classes of high energy neutrinos were used separately; the
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cascade-like and the track-like events. These topologies have very dierent properties
in terms of angular and energy resolution as well as dierent level of background contamination. A potentially interesting result was obtained with the cascade-like events,
a deviation from the background only hypothesis with a statistical signicance of

3σ

post-trial. The analysis result was compared to a completely dierent method applied
by other authors to the same datasets. The results are in good agreement. Repeating
this analysis with larger datasets would be extremely interesting.
The CTA will run for over 20 years and in that era the multi-messenger strategies
between various observatories will play a strong role in understanding the extreme highenergy universe. As we argued through out this thesis, the multi-messenger methods
bring invaluable insight in the search for the origin of the high-energy astrophysical
particles and the acceleration/production mechanisms. Such approach was made possible due to the newly developed measurement techniques and new observatories. In
the last part of the thesis we presented a contribution to the R&D phase of the proposed Cherenkov Telescope Array; the evaluation of the optical properties of the light
concentrators for the camera of the SST-1M CTA telescopes. Multiple iterations were
made giving feedback for optimizing the coating and assembly process. As result the
required large quantity of light concentrators was produced for the prototype camera
and the optimized process is now available for future production.

Appendix A: HESE cascades

Table 7.1: List of the neutrino cascade-like events used in the High Energy neutrinos
and Ultra High Energy Cosmic Rays correlation study. The ID number corresponds to
the ID in [151, 152]. Dep. Energy corresponds to the EM equivalent energy deposited
within the detector.

ID

Dep. Energy
[TeV]

1

47.6+6.5
−5.4
117+15
−15
165+20
−15
28.4+2.7
−2.5
34.3+3.5
−4.3
63.2+7.1
−8.0
97.2+10.4
−12.4
88.4+12.5
−10.7
104+13
−13
1041+132
−144
57.5+8.3
−7.8
30.6+3.6
−3.5
200+27
−27
71.5+7.0
−7.2
1141+143
−133
30.2+3.5
−3.3
220+21
−24
30.5+3.2
−2.6
33.5+4.9
−5.0
210+29
−26
60.2+5.6
−5.6
32.7+3.2
−2.9
129+14
−12
42.5+5.4
−5.7
385+46
−49
42.1+6.5
−6.3
2004+236
−262
28.9+3.0
−2.6

2
4
6
7
9
10
11
12
14
15
16
17
19
20
21
22
24
25
26
27
29
30
31
33
34
35
36

RA [◦ ]

dec [◦ ]

Med. Angular
Error [◦ ]

35.2

-1.8

16.3

282.6

-28.0

25.4

169.5

-51.2

7.1

133.9

-27.2

9.8

15.6

-45.1

24.1

151.3

33.6

16.5

5.0

-29.4

8.1

155.3

-8.9

16.7

296.1

-52.8

9.8

265.6

-27.9

13.2

287.3

-49.7

19.7

192.1

-22.6

19.4

247.4

14.5

11.6

76.9

-59.7

9.7

38.3

-67.2

10.7

9.0

-24.0

20.9

293.7

-22.1

12.1

282.2

-15.1

15.5

286.0

-14.5

46.3

143.4

22.7

11.8

121.7

-12.6

6.6

298.1

41.0

7.4

103.2

-82.7

8.0

146.1

78.3

26.0

292.5

7.8

13.5

323.4

31.3

42.7

208.4

-55.8

15.9

257.7

-3.0

11.7

Continued on next page
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ID
39
40
41
42
46
48
49
50
51
52
54

Table 7.1  continued from previous page
Dep. Energy
[TeV]
101.3+13.3
−11.6
157.3+15.9
−16.7
87.6+8.4
−10.0
76.3+10.3
−11.6
158.0+15.3
−16.6
104.7+13.5
−10.2
59.9+8.3
−7.9
22.2+2.3
−2.0
66.2+6.7
−6.1
158.1+16.3
18.4
54.5+5.1
−6.3

RA [◦ ]

dec [◦ ]

Med. Angular
Error [◦ ]

106.2

-17.9

14.2

143.9

-48.5

11.7

66.1

3.3

11.1

42.5

-25.3

20.7

150.5

-22.4

7.6

213.1

-33.2

8.1

203.2

-26.3

21.8

168.6

59.3

8.2

88.6

54.0

6.5

252.8

-54.0

7.8

170.5

6.0

11.6

Appendix B: High energy tracks

Table 7.2: List of the neutrino track-like events used in the High Energy neutrinos
and Ultra High Energy Cosmic Rays correlation study.

The rst part of the table

contains the 7 selected tracks from the HESE sample, the ID numbers correspond to
the IDs in [151, 152]. In the second part of the table the events from the high energy
through-going tracks sample are listed.

For those the ID numbers correspond to the

high-energy tracks from [154]. For these events, the Most probable muon energy is an
estimate of the muon energy from a likelihood based reconstruction (MuEx) which is
dierent from the deposited energy specied for HESE tracks and cascades (Millipede).

◦

◦

◦

ID

Dep. Energy [TeV]

RA [ ]

dec [ ]

Med. Angular Error [ ]

5

71.4+9.0
−9.0
253+26
−22
82.2+8.6
−8.4
+16.4
200.5−16.4
+7.4
84.6−7.9
+57.4
429.9−49.1
+8.3
74.3−7.2

110.6

-0.4

. 1.2
. 1.2
. 1.9
. 1.2
. 1.2
. 1.2
. 1.2

13
23
38
44
45
47
ID

Most probable
muon energy [TeV]

67.9

40.3

208.7

-13.2

93.3

14.0

336.7

0.0

219.0

-86.3

209.4

67.4

◦

◦

◦

RA [ ]

dec [ ]

Med. Angular Error [ ]

. 1.0
. 1.0
. 1.0
. 1.0
. 1.0
. 1.0
. 1.0
. 1.0
. 1.0

116357,6324295

755

254 .0

16.3

116807,9493609

604

88.5

0.2

119136,66932419

397

37.1

18.6

116883,17395151

422

285.7

3.1

116701,6581938

317

331 .0

11.0

116026,44241207

339

346.8

24.0

116574,20123342

302

267.5

13.8

119739,41603205

326

238.3

18.9

118210,47538807

252

235.2

19.3
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1.10 Spectral energy distribution of the Crab nebula as measured by many
experiments over wide range of energies. For the detailed description of
the datasets see [45] and the references therein. The plot and the t was
done using the naima software package [46].
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1.11 The SED of SNR IC 443. Only the Fermi-LAT measurements were used
for the t. The gray shaded area is the systematic uncertainty due to diffuse ux estimation. The hadronic scenario ts the data best except if an
ad hoc break in the parent electron spectrum at
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is introduced.
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1.12 Prole likelihood scan of the avor composition at Earth as measured
by IceCube [68].

The best-t result is indicated by a  × sign ( +
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1.13 The unied model of AGNs. The AGNs are classied by the presence of
a jet, the power of the central engine and the angle with respect to the
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and

Figure a courtesy of NASA/BATSE and the

NASA Gamma-Ray Astronomy group at the National Space Science and
Technology Center (NSSTC).
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The black solid line shows the values of the eective scattering coecient

be (400)

as a function of the depth. In red the scaled measurements

of the dust logger [132, 133] are shown. The two independent methods
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53

adust (400) on the left and the eective
be (400) on the right as a function of the depth. The
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as a function of the neutrino energy calculated using simulation.
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4.11 The left-hand side panel shows the lightcurve with the varying threshold
selecting the high state time intervals. The lightcurve portions above the
threshold are normalized to unity to obtain the time PDF shown in the
right-hand side panel.
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4.21 The most signicant northern sky p-value distribution for the scrambled
datasets. The analysis pre-trial p-value for the best t result is shown as
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the IC-86II to IV data at the location of the most signicant are in
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4.23 The most signicant southern sky p-value distribution for the scrambled
datasets. The analysis pre-trial p-value for the best t result is shown as
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as a function of the angular distance from
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4.25 The upper panel shows the lightcurve of PKS B2258-022 aected by a
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is removed by applying a cut on the Sun's angular distance from the
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of FB
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makes the de-
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izontal line indicates a three standard deviations upward uctuation of
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The solid magenta line is the result of the Bayesian Blocks denoising
procedure with the value of

FB = 5.0.
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4.29 Example of a denoised lightcurve (solid line) together with the original
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4.30 The pre-trial p-value distribution for the time scrambled data is shown
in green. The vertical red line indicates the value obtained for real data.
The inferred post-trial p-value is 77%.
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4.31 The denoised Fermi-LAT lightcurve for PKS 2142-75 is shown with the
red line and the red dashed horizontal line indicates the t result for the
ux threshold. For the lightcurve and the ux threshold, the red scale
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4.32 The pre-trial p-value distribution for the time scrambled data is shown
in green. Only the candidate sources from the northern hemisphere were
included. The vertical red line indicates the value obtained for real data.
The inferred post-trial p-value is 30%.

. . . . . . . . . . . . . . . . . . .
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4.33 The denoised Fermi-LAT lightcurve for PKS 0507+17 is shown with the
red line and the red horizontal line indicating the t result for the ux
threshold. For the lightcurve and the ux threshold, the red scale on the
left is used on the y-axis. The blue vertical lines are drawn at the times
of measured IceCube events and the height indicates the event weights

wi

dened in Eg. 4.7 on the right scale. Only events in the periods when the
lightcurve is above the best-t ux threshold contribute to the signicance.117
4.34 The pre-trial p-value distribution for the time scrambled data is shown
in green. Only the candidate sources from the southern hemisphere were
included. The vertical red line indicates the value obtained for real data.
The inferred post-trial p-value is 77%.

. . . . . . . . . . . . . . . . . . .
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4.35 The denoised lightcurve is shown in red and the best-t threshold is the
horizontal red line; the left-hand red scale is used for both. The vertical
blue lines indicate the event weights

wi

dened in Eq. 4.7 and the the

right-hand blue scale should be used for them. . . . . . . . . . . . . . . .
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4.36 The denoised Fermi-LAT lightcurve of the blazar PKS 1424-41. The time
covered by the dierent IceCube data taking seasons is shown. The red
horizontal line indicates the ux selection criterion. A strong outburst is
visible around the transition from IC86-II to IC86-III.

. . . . . . . . . .
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4.38 Example of a denoised lightcurve (solid magenta line) together with the
original data (black data points) for quasar CTA 102. The triangle for
the variability measure is shown - for details see the text. The central 30
days are surrounded by the 15 day margins (the shaded area).
5.1

. . . . .

124

Distribution of UHECR deections in two Galactic magnetic eld models
marked PT2011 [201] and JF2012 [202] for the regular component. The
energies of actual UHECRs are renormalized to show the distributions
for

E/Z = 100

EeV. The double-peak structure is mostly due to the

fact that UHECRs from dierent Galactic hemispheres undergo dierent
deections.
5.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

128

Maps in Equatorial and Galactic coordinates showing the arrival directions of the IceCube cascades (black dots) and tracks (diamonds), as
well as those of the UHECRs detected by the Pierre Auger Observatory
(magenta stars) and Telescope Array (orange stars). The circles around
the showers indicate angular errors. The black diamonds are the HESE
tracks while the blue diamonds stand for the tracks from the throughgoing muon sample. The blue curve indicates the Super-Galactic plane.
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161

Neutrino likelihood maps convoluted with the exposures of the CR Observatories in Equatorial coordinates.

The two upper plots are for the

high-energy cascades, while the two lower ones are for the high-energy
tracks.

The declination-dependent exposure of Auger is applied in (a)

and (c) and that of TA in plots (b) and (d). . . . . . . . . . . . . . . . .
5.4

A posteriori angular scan for the stacking with the high-energy cascades.
The analysis was done only for the three chosen values of

D: 3◦ , 6◦

and

9◦ .134
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The plastic light concentrator on top of the SiPM sensor. . . . . . . . . .

6.2

The experimental setup for measuring the transmissivity of the cones as
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The transmissivity measured for the prototype cones at

355 nm
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[207]. In

the left-hand side panel, the average of the three at-to-at measurements is shown. The average of the three vertex-to-vertex measurements
is in the right-hand side panel.
Zemax simulation.
6.4

The measurements are compared to a

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Comparison of the transmissivity measured at

355 nm

140

for the rst ap-

proved prototype cone (shown by the gray line) and a cone with the new
mass production coating. In the left-hand side panel, the three at-toat measurements are shown; the three vertex-to-vertex measurements
are in the right-hand side panel.

Incident angles measured to the two

sides from the cone axis are shown separately (denoted as forward and
reverse); a cross-check whether the cones are symmetric. The lower plots
show comparison of the averages. The desired cuto angle is indicated
as well. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5

The characteristics of the same cone before (in gray) and after gluing
measured at

355 nm

for the three vertex-to-vertex directions. A signi-

cant deterioration is visible for some cone sides. . . . . . . . . . . . . . .
6.6

141

141

The eect of the gluing process after the procedure was improved measured at

355 nm.

Only minimal deterioration of the performance as mea-

sured before gluing (in gray) and after is visible. In the left-hand side
panel, the three at-to-at measurements are shown; the three vertexto-vertex measurements are in the right-hand side panel. . . . . . . . . .
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List of Figures
In the upper panel, the transmissivity of four cones which underwent
10, 20, 30, and 40 thermal cycles is shown together with a reference
cone. In the lower panel the dierence between the reference cone and
the tested cones is shown. All the cones are within the expected cone to
cone variations and no degradation due to the thermal cycles was observed.143
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