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Introduction

ince the beginning of mankind humans have explored the world in which they are
living. Some questions were answered while new ones arose. One of the remain-
ing questions is the composition of matter. In the ancient world philosophers
tried to answer this question but it was not possible for them to experimentally
confirm their findings. In the 16th century, the science of modern physics was started
to develop, based on the idea to falsify or verify predictions experimentally and trying

to find answers to how matter was built up. Throughout the centuries, knowledge was
gained and different branches of physics developed to tackle the different arising questions.
One relatively new branch is astroparticle physics acting as an interface between particle
physics and astronomy. The field of astroparticle physics tries to answer the question about
origin and composition of the high-energy cosmic radiation hitting Earth each second
the cosmic rays. Discovered over one hundred years ago the exact origin of cosmic rays is
still unknown, since the charged particles are deflected by cosmic magnetic fields and do
not reveal any directional information. Experiments in astroparticle physics evaluate the
information carried by messenger particles. One of these messenger particles is the neu-
trino. Experiments which search for neutrinos from astrophysical sources are AMANDA
and IceCube, both detectors at the geographical South Pole.

The present thesis deals with one particular source candidate, the Starburst-Galaxy. As
part of this thesis a catalog of Starburst-Galaxies was collected and a source stacking
analysis with data from AMANDA and IceCube was performed with the aim to detect
neutrinos from Starburst-Galaxies and active galactic nuclei (AGN) or set constraints on
a possible neutrino flux from these sources.

This thesis is organized as follows: The first chapter gives a brief overview of the status
of astroparticle physics, the particle acceleration, possible sources of cosmic rays. The
messenger particles and their detection are discussed. The second chapter introduces the
Starburst-Galaxies and presents the source catalog. In chapter three the detectors used for
the analyses done in this thesis are introduced. The next chapter presents the analyses of
Starburst-Galaxies and AGN performed with AMANDA data and IceCube data, the re-
sults of these analyses are shown. The last chapter contains conclusions and outlook. The
appendices contain the source catalog of Starburst-Galaxies (appendix A), supplementary
plots for the analyses (appendix B) and the source lists used in the analyses (appendix C).






2

Status of astroparticle physics

2.1 Brief historical development

The field of astroparticle physics is fastly developing having its roots in the discovery of
cosmic rays as source of ionizing particles in 1912. Preceeding considerations by Elster,
Geitel and Wilson [EG07,Wil01] about the conductivity of air led to the assumption around
1900 that there has to be an additional source for ionizing particles other than the radioac-
tivity of the soil. An evidence to this alternate source was provided by Victor F. Hess in
1912. The aim of Hess’ work was to research the change of radiation with altitude using
balloon rides. The measurements were done with a charged electrometer which discharged
within a time interval At due to the influence of radiation. Here, At depends on the in-
tensity of the signal. If the radiation were originating from the Earth, a decrease in the
ionization level would be expected. It was found by Hess that the intensity of the radiation
decreased only to an altitude of a few hundred meters above the ground. With increas-
ing altitude the intensity increased again to reach the same level as on the ground at an
altitude of ~ 1800m. The measurements were done up to an altitude of 5000 m, a higher
radiation intensity than on the ground was detected. The results of Victor Hess lead to
the conclusion that next to the known sources of ionizing radiation there must be other
sources which have to be searched beyond the Earth [Hes11l, Hes12]. Later this ionizing
radiation was labeled cosmic rays. In the following period many particles were discovered
in the cosmic rays, the positron for example [And33].

With the availability of powerful particle accelerators the interest in cosmic rays as an
object to research faded. With these particle accelerators the particles could be studied
under laboratory conditions. However, during the past decade the interest in cosmic rays
increased again since no man made accelerator can accelerate particles to energies as cosmic
accelerators can. For a review of the history of astroparticle physics see [Cir08|.

2.2 The energy spectrum of cosmic rays

Figure 2.1 is a presentation of the energy spectrum of cosmic rays measured by various
experiments. It spans over ten orders of magnitude in energy i.e. from keV to EeV. The
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Figure 2.1: The energy spectrum of cosmic rays measured by various experiments. The
flux has been weighted with E~2. The numbers on the right hand side is the
expected number of particles on Earth per unit time [Bec08|.

spectrum follows a power law, the particle flux is proportional to E7 where « is called
spectral index which is a constant over large ranges of energies. However, there are two
kinks in the spectrum: The first at Fypee ~ 2.5 - 101° eV, here v changes from 2.63 to
3.03 [Wie98]. This kink is called the 'knee’ of the cosmic ray spectrum. The second kink
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is at an energy of ~10'%% eV, the spectral index changes to ~ 2.75 [Sta04]. This second
kink is called 'ankle’. Above an energy of ~ 10?YeV it was expected that the charged
cosmic rays interact with the cosmic microwave background (CMB). Thus only few reach
the Earth. In an interaction at such an energy of a proton with a photon a delta resonance
is produced which then decays into a neutron (or proton) and a charged or neutral pion:

n+mat

p+y— AT — ot 0

The energy of the produced proton is always lower than the energy of the primary pro-
ton. The interaction of high energy cosmic rays with the CMB was predicted simul-
tanously by the American physicist K. I. Greisen and Russian physicists G. T. Zatsepin
and V. A. Kuzmin |Gre66,ZK66]. The expected cutoff in the cosmic ray spectrum due to
the interactions with the CMB is therefore called Greisen-Zatsepin-Kuzmin Cutoff or short
GZK-Cutoff. After the prediction in the year 1966 it was claimed to be experimentally
confirmed by the Auger experiment [AT08a] and the HiRes experiment [B*08] 40 years
later.

2.3 Particle acceleration

Cosmic rays are accelerated in astrophysical environments which are often characterized
by the collision of plasmas. In a supernova explosion the shell of matter is blown from
the central object and encounters the interstellar medium. Here, a shock front is produced
since the gas in the shell encounters other gas with a velocity faster than any signal ve-
locity. The supernova remnant (SNR) can be observed for more than 1000 years. This
phenomena is not only limited to astrophysical environments. As an example, shocks are
formed in supersonic movements of planes or bullets in air. In these examples the plane
or bullet is moving faster than the speed of sound, which is the characteristic speed of the
medium, and produces a shock wave, the Mach cone [Mac97, MW84 MW85]|. In astrophys-
ical environments the characteristic speed of plasma is the speed of magnetic waves.
Non-thermal emission of electromagnetic radiation at radio to X-ray energies can be in-
terpreted as synchrotron radiation from shock-accelerated electrons. At energies above
X-rays, the signal can arise from inverse Compton scattering of the highly-relativistic elec-
trons with the ambient low-energy photon field. If a hadronic component is accelerated,
the electromagnetic emission in the MeV to TeV range can also arise from protons. These
protons can lose energy in synchrotron radiation or by proton-photon and proton-proton
interactions. The latter two processes lead to photon emission from 70 decays.

Stochastic particle acceleration as an acceleration mechanism that produces the observed
power law behavior was first discussed by Fermi [Fer49, Fer54| and Darwin |[Dar49|. In this
mechanism a charged particle enters an acceleration region with an energy Ey and leaves
the acceleration region with an energy £ > Ej.

There are two basic configurations for this accelerating mechanism. One is to consider a
moving, partially ionized gas cloud as shown in figure 2.2(a). The incident particle has
the energy FE7, the momentum p; and the angle 8;, the according quantities for the out-
going particle are Es, po and 6. Magnetized interstellar gas clouds have typically a speed



6 2. Status of astroparticle physics

of ~ 15 kTm [Pro98|. The particles are scattered off the magnetic field inhomogeneities inside
the cloud and leave the cloud with randomized directions. In this case the momentum gain
per encounter with a magentic field inhomogeneity £ is proportional to the squared cloud
velocity, & o V.2, therefore this configuration of the mechanism is referred to as second
order Fermi acceleration. Because the energy gain is of second order this process is not
very efficient. In a different configuration a plane as infinite shock front is considered. This
configuration is called first order Fermi acceleration and it is illustrated in figure 2.2(b).
A particle with the inertial energy F; only changes its energy by crossing the shock. In
this shock it is accelerated at moving magnetic field inhomogeneities to an energy Fo. The
incident angle is labeled 6 in the figure, the angle of the returning particle towards the
shock is labeled 6. In this configuration first order effects are dominant and the total
momentum gain for one cycle of acceleration is £ ox Vg, Vg is the relative speed between
the particle and the shock. A review of both acceleration mechanisms is given in [Pro98].

Figure 2.2: On the left (a) there is an illustration of the second order Fermi mechanism,
the more effective first order mechanism is displayed on the right side (b)
[Pro98].

2.4 Possible sources of cosmic rays

The acceleration mechanisms described in section 2.3 can occur in any astrophysical con-
figuration where shock fronts and magnetic field inhomogeneities occur. This is the case in
many astrophysical objects, though, not every object where Fermi acceleration occurs can
accelerate particles to the observed energies. The ability of an object to accelerate charged
particles to a certain energy depends on its size and magnetic field strength:

2F

B-L>——
Z-e-f

This relation was first introduced by A. M. Hillas [Hil84]|, the magnetic field strength B
is in units of pG, the size of the acceleration region L is in pc and the energy in units
of 10 eV. This relation is visualized in figure 2.3. On the x-axis there is the size L
of the acceleration region, on the y-axis the magnetic field strength B. A source that
is able to accelerate protons to 105 eV (’knee’ line) has to be left above this line in the
figure, the same for energies above 10'%5 eV, ("ankle’ line) or above 10?° eV, the GZK cutoff
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energy. Multiple source candidates are displayed in the figure which is referred to as the
Hillas diagram or Hillas plot. From figure 2.3 it is visible that the cosmic rays below the
ankle (E < 3-10'8%eV) could be just from galactic origin.
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Figure 2.3: The Hillas diagram: The lines denote 10'° eV (knee), 10'8? eV (ankle) and
102 eV (GZK). A source that is able to accelerate particles above one of

these energies has to be left and above the according line. Diagram taken
from [AT09c] modified from [Pro04].

2.4.1 Supernovae and Supernova Remnants

It is commonly believed that the cosmic ray spectrum at energies below the knee is produced
in expanding shells of supernova remnants (SNR). These SNR consist of shock fronts built
by material that was ejected into the interstellar medium by a supernova explosion (SN).
The supernova rate in the Galaxy is one SN per 50 years [CT01]. However, there are
galaxies which have an increased supernova rate due to their increased star formation
rate. These galaxies are called Starburst-Galazies, they will be discussed in more detail in
chapter 3. Although SN are good candidates for the production of cosmic rays it is difficult
to explain the break in the spectrum at E ~ 109 eV. One possible explanation would be
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the leakage of particles out of the Galaxy leaving only heavy elements at higher energies.
This may lead to a steepening of the spectrum. Another possibility is that SN exploding
into their own wind are able to accelerate particles to higher energies since heavier elements
(helium up to iron) are produced. A SN losing the hydrogen envelope before collapsing
leads to a higher density of particles when the shock forms and thus to different conditions
in the shock. Regular SNRs are expected to produce cosmic rays up to the knee while SNR
winds are believed to accelerate particles up to the ankle [SBG93].

2.4.2 Pulsars and binary systems

There are also alternative explanations for the spectrum above the knee, systems with
neutron stars or black holes are considered. Neutron stars are observed as pulsars, their
electromagnetic radiation follows the magnetic field lines which are not aligned with the
rotational axis, the emission can only be seen when the particle jet points towards Earth.
The periodic signal from pulsars can range from several seconds to milliseconds. The most
prominent since the most luminous pulsar is the Crab pulsar, a millisecond pulsar. The
Crab pulsar is a neutron star which was produced in a SN explosion observed on 4" of July
1054 [Duy42, MO42|. Newer evaluation of historical records of this SN suggest an earlier
date, 11*" of April 1054 [CCM99|. The remnant of the SN 1054, the Crab nebula, has been
observed in all wavelengths. It was seen from radio up to TeV energies, the pulsar itself
is most luminous at X-ray and higher energies. Pulsars have very high magnetic fields of
B ~ 10'® G which makes them good candidates for particle acceleration.

Another good candidate for shock acceleration is the class of binary systems including
a neutron star or a black hole. Low-Mass X-ray binaries (LMXBs) consist of a white dwarf
and a companion star while High-Mass X-ray binaries (HMXBs) consist of neutron star
that is fed by a blue (O/B) star. If in a HMBX the companion exceeds the Roche volume
of the binary system it begins to feed the compact object with matter. The neutron star or
black hole in turn emits the gained energy in a jet along the magnetic axes. These system
can lead particle acceleration up to the ankle at most. See [Gai90] for a summary of X-Ray
binaries and cosmic rays.

2.4.3 Active galactic nuclei

The cosmic rays at energies above the ankle cannot be of galactic origin since they are
too isotropic. A promising source candidate in this energy regime are active galactic
nuclei (AGN). This class of galaxies has a particularly bright core. The first AGN was
discovered in 1962 as an object with a star like core. Since it showed extreme radio
emission features it could not be classified as a star. The suggestion that this object
which is today known as 3C 273 was indeed a distant galaxy with a bright core was first
suggested by Maarten Schmidt one year after the discovery [Sch63]. These objects used
to be referred as quasi stellar objects (QSOs). Today it is known that QSOs fit into the
general classification scheme for AGN. AGN are objects which are believed to be powered
by a rotating super massive black hole in the center. A schematic view in an AGN is
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Figure 2.4: Schematic view of a cylindrical symmetric AGN in the r-z-plane. Both axis
are logarithmically scaled to 1 pc. It is indicated which objects are believed
to bee seen from which direction. Figure from [ZB02].

shown in figure 2.4. AGN are called "active" due to the accretion disk which forms around
the central black hole and radiates strongly in optical bandwidths. This accretion disk is
fed with material from a dust torus. Perpendicular to this disk there are two relativistic
jets emitted, transporting matter in the form of lobes. In these lobes there are knots and
hot spots which emit radio emission, leading to the strong radio signal observed in AGN.
It is believed that these knots and hot spot represent shock acceleration regions in which
particles are accelerated to high energies, protons for example up to E, ~ 102! eV [BS87].
Recent results from the Auger experiment suggest a correlation between high energetic
cosmic rays and AGN. A correlation between cosmic rays with energies above 6 - 1019 eV
and the position of AGN closer than 75Mpc was demonstrated [APT07, AP108]. The
observed types of AGN fit into the AGN classification scheme (figure 2.5). In this scheme
three main criteria were used to classify the AGN:

1. The AGN are divided into radio loud and radio weak AGN according to their activity
in radio wavelengths. About 90% of all AGN are radio weak and are usually hosted
in spiral galaxies while the radio loud AGN are hosted in the centers of elliptical
galaxies.

2. A further classification criterion is the optical luminosity. The radio weak sources
are subdivided into optically strong and optically weak, this can be distinguished
by considering the features of the emission lines. Narrow emission lines are usually
missing in optically strong sources while they are present in optically weak sources.
Broad emission lines are present in both source types. Radio loud sources with ex-
tended jets (~ 100 kpc) are further subdivided at radio wavelengths into low and high
luminosity. The critical luminosity is L, = 2.5-102%0 % The jets of compact sources
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like GHz-Peaked-Sources (GPS) and Compact Steep Sources (CSS) are believed to
get stuck in matter.

. The last criterion is the orientation of the AGN towards the observer. AGN are

axisymmetric along the axis of the jet. An object is classified as blazar in the branch
of radio loud AGN if one of the jets points directly to the observer. Blazars are further
divided into Flat Spectrum Radio Quasars (FSRQs) if they have high luminosity
and into BL Lacs if they have low luminosity. The Faranoff Riley (FR) galaxies
are being looked at from the side, and thus the torus and the jet are clearly visible.
These galaxies are divided according to their luminosity, too. The high luminosity
population is labeled FR-II galaxies showing very high radio emission at the end of
the jets, while the radio emission of the low luminosity population class happens in
knots throughout the jet. This class is labeled FR-I.

The radio weak AGN are called radio weak quasars in the optically strong case. The
optically weak objects are called Seyfert-I galaxies, when looked at the gap between

jet and AGN torus. The equivalent to the FR galaxies in the radio weak case are

Radio Intermediate Quasars (RIQ) and Seyfert-1T galaxies, the observer’s view is here
directed towards the torus.
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2.4.4 Gamma ray bursts

In the 1960s photon eruption of unknown origin were detected both by American and
Soviet military satellites. Although it was clear immediately that these events were not
man made, it took until 1973 until this was first published after the first observation
in 1967. This first publication was from the American Vela satellites [SKOT73|, a few
months later from the Soviet Cosmos-461 [MGI74] and the American OSO-7' and IMP-62
satellites [WUB™73,CD73]. Further systematic studies of these Gamma Ray Bursts (GRB)
were done with BATSE? on board the CGRO*, BATSE was taking data for 9 years, from
April 1991 until June 2000 [PMP199|. BATSE detected 2704 GRBs in an energy range
between 20keV and 2000 keV. The bursts distribute isotropically with no visible clustering
in the galactic plane or anywhere else suggesting that GRBs are not of galactic origin.
While the prompt emission of the GRBs is in the keV — MeV range, the so-called afterglow
emission continues long after the prompt emission and is seen in practically all wavelengths.
From the observation of the afterglow host galaxies can be identified and the distance of the
GRB through its redshift can be determined [WRM97|. This was first done in 1997, when
the satellite BeppoSAX® detected GRB970228 and also measured the GRB afterglow in
X-rays. This detection and follow up observations in optical and other wavelengths made
the determination of the redshift possible. The redhift of this GRB was determined to
z = 0.9578 which corresponds to ~ 6 Gpc [DT01]. This was the proof that GRBs are not
of galactic origin. GRBs have a bimodal duration distribution, the duration of a GRB
is labeled tgg. Here, tgg is the time span in which 90% of the signal was received. The
duration distribution has two populations, one with a tgy > 2s classified "long" and one
with 99 < 25 classified "short". It has been unclear for a long time what is the mechanism
that causes long and short GRBs. In 2003 it was discovered that long GRBs are connected
to supernova explosions of type Ic [MDTT03|. Supernovae of type Ic follow the death
of very massive Wolf-Rayet stars. Short GRBs have been proven in 2005 to originate
from the merging of two neutron stars or a neutron star and a black hole in a binary
system [HSG'05, VLRT05, GCGT06]. Long and short GRBs do not only differ in their
duration but also in their redshift distribution. While long GRBs happen in star forming
regions following the star forming rate, short bursts happen in regions with rather low star
formation rate and at small redshifts (z ~ 0.1) |Bec08|.

2.5 Messenger particles and their detection

From the possible sources of cosmic rays different particles reach the Earth and make
the observation of the sources possible through different techniques of detection. The
cosmic rays at an energy above 1 GeV consists of ~ 98% nucleons and ~ 2% leptons [Lon92].

! Orbiting Solar Observatory

Interplanetary Monitoring Platform

3Burst And Transient Source Experiment

4Compton Gamma Ray Observatory

5Name made out of the name of the Ttalien astronomer Giuseppe Occhialini called Beppo and 'S Atellite
per lo studio a raggi X’, Italian for ’Satellite for X-ray studies’
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The particles and the detection technique used for detection are discussed in the following
and are shown graphically in figure 2.6.
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Figure 2.6: A graphical overview of propagation and detection of the different particles
of the cosmic rays [Wag04].

2.5.1 Protons and heavy nuclei

Protons and heavy nuclei are often referred to as primary cosmic rays since they are ac-
celerated in the source regions and reach the Earth without interaction. Above 1 GeV the
nucleons in the cosmic rays are ~ 87% protons, ~ 12% a-particles and ~ 1% heavy nu-
clei [Lon92|. Although the primary cosmic rays carry valuable information from the source,
like the energy of the particles and the energy spectrum which could reveal the properties
of the source and the acceleration mechanism, they lack an also very important informa-
tion: the direction. Charged cosmic rays are deflected in interstellar magnetic fields on
their way to Earth and thus do not contain any information anymore where they came
from and thus can not be correlated to the source objects. However, this might not be true
for charged particles at the highest energies. If particles originate from nearby sources and
have sufficient energies, they can travel on almost straight lines and could be correlated
to source objects. This was already mentioned for active galactic nuclei, see subsection
2.4.3. The exact values for the maximum distance and the minimum energy depend on the
magnetic field configuration, which is still not well-known.
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Detection of protons and heavy nuclei

The direct measurement of the primary cosmic rays is only possible outside the Earth’s
atmosphere since the charged particles interact in the atmosphere. Thus detectors for
direct measurements are on board satellites or balloons. The first dedicated satellite
borne experiment for the detection of cosmic rays is PAMELA® on board the Russian
Resurs-DK1 satellite. It is designed to measure different kinds of matter and antimatter in
the cosmic rays such as protons, electrons and their anti particles [C*T08]. A similar balloon
based experiment was ATIC?. ATIC flew several flights in Antarctica and measured pro-
tons and nuclei [IT09]. Since space is limited on satellites and balloons these experiments
have only small active detector volumes which limits them to small energies, < 1TeV for
protons in the case of PAMELA. If charged particles interact in the atmosphere they pro-
duce cascades of secondary particles. These cascades can contain just leptons in case of an
electromagnetic cascade or they may contain mesons in case of a hadronic cascade. Next to
the secondary particles also fluorescence and Cerenkov light is produced in an air shower,
both can be used for indirect detection of primary cosmic rays. In figure 2.7 a schematic
view of an air shower is shown. There are several techniques to detect air showers:
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Figure 2.7: Schematic view of an air shower produced by a primary particle like a proton
or a heavy nucleus [Wag04|.
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e Ground detectors detect secondary particles induced from primary particles inter-
acting with the atmosphere. From the lateral and time distribution of these particles
the shower the direction of the primary particle is estimated. From the amount
of secondary particles detected the energy of the primary particle is estimated. The
ground detectors are scintillation counters, muon counters or photomultipliers (PMT)
ordered in an array. An example for an array with scintillation counters is the
KASCADE-Grande® experiment which stopped data taking in March 2009. It con-
sisted of 237 scintillation detectors and was designed to measure air showers with
energies between 500 TeV and 1 EeV [ST09].

e Fluorescence light is caused by scattering processes of secondary electrons and
positrons in the atmosphere. The primary source for fluorescence light in the at-
mosphere is the excitation of nitrogen molecules. One experiment that used the
fluorescence technique is HiRes? in Utah which operated from June 1997 until April
2006. The experiment consisted of two fluorescence telescopes which allowed stereo-
scopic observations and thus better reconstruction of the shower geometry. HiRes has
confirmed the GZK cutoff [BT08|. Currently as a successor for HiRes the Telescope-
Array at the same site has just begun datataking [NT09|. There are also experiments
which use both techniques, ground detectors and fluorescence detectors. The Pierre
Auger Observatory in Argentina uses 1660 water Cerenkov detectors and 24 fluores-
cence telescopes in groups of 6 telescopes at 4 locations at the edge of the surface
detector array [AT09¢|. Like HiRes the Pierre Auger Observatory has also confirmed
the GZK-cutoff [A108a].

e Cerenkov light is emitted when a charged particle passes through a medium with
a velocity faster than the speed of light in that media. The Cerenkov light is emitted
in a cone with an opening angle ¢ proportional to the speed of the particle. With

nz%andﬂz%@cisgivenby

0o = (2.1)

1
n-f°
Here, ¢y being the speed of light in vacuum. However, equation 2.1 is in fact an
approximation to

COSQC:#—F@ (1—i>. (2.2)

n2

Here, p is the momentum of the particle and Ak the momentum of the emitted
photons. Since ik < p equation 2.1 is a good approximation for equation 2.2 [Gru93].
In figure 2.8 there is a sketch of the geometry of the Cerenkov effect. The emission
of Cerenkov light happens because the particle produces dipoles on its path through
the medium. The dipole fields interfere constructively if the speed of the particle is
larger than the phase speed of light in the medium [Jac62|. If the speed is less than
this, the interference is destructive and no Cerenkov light is emitted.

8K Arlsruhe Shower Core and Array DEtector-Grande
9High Resolution Fly's Eye
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Figure 2.8: The Cerenkov effect: If the velocity of a prticle is faster than speed of light in
the medium the induced dipoles interfere cintrutctively and Cerenkov light
is emitted in a cone with an opening angle 6¢. Figure from [Jac62)].

The Cerenkov light can be observed in air showers of primary particles and it can also
be used to detect neutrinos. Neutrino detection will be discussed later in this thesis.
The Cerenkov light of air showers is observed with imaging air Cerenkov telescopes
(TACTs). The light produced in an air shower is observable for nanoseconds. Thus
TACTs use a mirror to collect the light and PMTs to detect it in a PMT camera.
There are numerous TACTS, for instance three of them are mentioned here. The
MAGIC-Telescope'? is situated on the Canary island La Palma. MAGIC has two
individual telescopes, MAGIC-I and MACIG-II, each with a mirror diameter of 17m,
being the world’s largest single dish TACTs. MAGIC-II is operable since April 2009.
The MAGIC telescopes are designed to detect very high energy (VHE) 4-rays in
an energy range between 25GeV and 20 TeV [AT08b, AT09h|. Similar to MACIC
there are the H.E.S.S.!" telescopes in Namibia and VERITAS'? in Arizona. H.E.S.S.
is an array of four telescopes with a diameter of 13m each (H.E.S.S. Phase I) and
is currently extended by another larger telescope (25m diameter) in the middle of
the array (H.E.S.S. Phase II). The lower energy threshold of Phase I is 100 GeV, for
Phase II this is expected to be lowered to ~ 20 GeV [Hor07]. VERITAS is an array of
four telescopes, each telescope having a mirror diameter of 11 m [The09, MHKMO09].

"Major Atmospheric Gamma-ray Imaging Cherenkov Telescope
""High Energy Stereoscopic System
12Very Energetic Radiation Imaging Telescope Array System
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VERITAS has a detection threshold of 100 GeV for photons and it is planned to
upgrade the system to lower this threshold by relocating one telescope and improving
the camera and trigger system |The09, Ott09]. Although the mentioned IACTs are
optimized for the detection of VHE photons it is also possible to detect protons which
form the background in VHE photon observations.

e Radio detection of cosmic rays is known for about 40 years but has been almost
forgotten in the early 1970s since technical difficulties were encountered and other
detection techniques seemed to be more promising at that time. The radio detection
technique tries to detect the synchrotron radiation of electron/positron pairs in air
showers caused by the Earth’s magnetic field. This geosynchrotron radiation is a
strongly pulsed radio emission at frequencies around 40Hz. It can be detected in
frequency ranges between a few and a few hundred MHz. Today, radio detectors
are added to existing detector arrays like the LOPES'® array of dipole antennas as
an extension of the KASCADE-Grande array. LOPES is a prototype for a larger
array planned to be spread over the Netherlands and parts of Europe which is called
LOFAR'". For an overview of geosynchrotron radiation and radio emission of ex-
tended air showers see [HF03|.

2.5.2 Photons

Photons from cosmic ray sources are produced in the sources by interaction processes of
the accelerated particles. Photons cover a vast range in energy, from radio radiation with a
few eV to VHE photons with several TeV or even EeV. While photons are not deflected by
magnetic fields, they are more or less easily absorbed by interstellar clouds or matter within
the source itself. Thus photons may only carry information about the surface of the source.
The observation of photons can be done directly or indirectly. Indirect measurements were
already covered in the subsection before. High energy s can be observed directly with
satellite or balloon experiments and indirectly by observing the air showers produced by
them in the atmosphere. Only a small part of the photon spectrum can be observed from
the surface of the Earth since the Earth’s atmosphere is opaque for all frequencies except
the visible light (optical window) and radio waves (radio window).

Visible light observations

The oldest branch of astronomical observations is the observation of the visible light, it
is as old as mankind. The first observations were done with the naked eye then later
with optical telescopes'®. The first optical telescope is believed to be built by the Dutch
Hans Lipperschey in 1608 and one year later by Galileo Galilei [Kin55]. Today optical tele-
scopes use mirrors with diameters up to 10.4 m in the case of the Grand Telescopio Canarias
(GranTeCan), like the MAGIC telescopes on the island of La Palma. The GranTeCan had
its first light in 2007 and is currently being equipped with different instruments used for
spectroscopy in different wavelengths [RA08].

3LOFAR PrototypE Station
"LOw Frequency ARray
5derived from the Greek word Tnleokémol meaning ’to look far’
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Radio observations

Another also quite old branch in the astronomy is the radio astronomy. The first radio
signals from outside the solar system were detected in 1933 by Karl Guthe Jansky'® with
a turnable antenna. It turned out, that the radio signals he recorded were coming from
the Galaxy with a maximum at the galactic center [Jan33]. The first sky survey in radio
wavelengths was done by Grote Reber and published 1944 showing a map of radio emission
from the Galaxy |[Reb44]|. In the 1950s it was found out that the radio emission was non
thermal synchrotron radiation [Bur56]|, stemming from accelerated charged particles in the
magnetic fields of the sources. Radio telescopes usually have a dish shaped reflector that
focuses the radio waves onto a receiver. Usually telescopes have multiple receivers for
observations at different frequencies. Radio telescopes have rather large reflector dishes,
the diameter ranges from a few meters to several hundrets of meters. For example the free
steerable radio telescope in Effelsberg has a diameter of 100m. The largest radio telescope
is the RATAN 600 '7 telescope located in the north Caucasus, Russia. The 600 stands
for the diameter of the reflector which is about 600 m. This reflector is not a dish but a
ring of reflecting panels which reflect the signals to a central cone shaped reflector which
focuses the signal. Due to this design RATAN 600 has only limited possibilities to select
the telescopes field of view. To improve the sensitivity and the angular resolution if radio
telescopes interferometry of multiple telescopes is used. For example the VLA'® in New
Mexico which consists of 27 dish antennas with a diameter of 25 m arranged Y-shaped on
rails to obtain a flexible array. Interferometry with radio telescopes is also done on large
scales with baselines of thousands of kilometers. As an example to mention here is the
VLBA'". The VLBA uses 10 antennas spread over the US. The longest baseline between
two antennas is 8116 km.

Infrared observations

The observations in other wavelengths than radio, visible light and the near infrared are
mostly done with satellites, since other wavelengths are absorbed by the atmosphere. The
first instrument for dedicated observation of the far infrared was TRAS?® which did a
sky survey with 98% coverage of the whole sky and operated from January to November
1983 [WGCT94]. TRAS detected hundreds of thousands of sources in four wavelengths,
12 pm, 25 pm, 60 gm and 100 pm. Infrared satellites have duty cycles which are limited by
the supply of coolant, liquid hydrogen or liquid helium, on board. The infrared detectors
have to be cooled down to a few K to be able to detect small fluxes. The infrared satellite
currently operating is the Spitzer Space Telescope or short Spitzer?'. Spitzer observes
wavelengths between 3 ym and 180 ym and was launched in 2003. It uses a heliocentric
orbit since in such an orbit the sun is always in the same direction from the satellite

W
m? Hz

Stoday radio astronomers measure the radio flux density in units of Jansky: 1Jy = 1072°

cyrillic PATAH 600 - Radio Telescope of the academy of sciences
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20InfraRed Astronomical Satellite

'named after Lyman Spitzer Jr., American astrophysicist, driving force for the development of space
telescopes
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and makes effective heat shielding possible [AR06]. After observing for over five-and-a-
half years the liquid helium supply was exhausted, since then Spitzer is operating at a
temperature of about 30 K leaving the spectrometers for the short wavelengths operable
[SSWS09].

Ultraviolet observations

One of the first instruments that was designed for observations of astronomical objects in
the ultraviolet (UV) light was on board the European TD-1 satellite which was launched
1972. TD-1 was also capable of measuring charged particles and X-rays. TD-1 did a UV sky
survey [BT73, T+78]. Which was the only UV sky survey until 2003 when GALEX?? was
launched. GALEX measures in two wavelength bands, 1350 — 1370 A and 1750 — 2750 A,
and its primary mission is an imaging all sky survey |[M*05]. The survey of TD-1 only
covered stars.

X-ray observations
Cosmic X-rays are like UV and infrared radiations only detectable outside Earth’s atmo-

attached to the nose of a V2 rocket. Later X-ray detectors were mounted to satellite ex-
periments. The today most capable instruments are the Chandra X-ray observatory?® and
XMM-Newton?%.

Chandra was launched 1999 and is able to detect X-rays with energies between 0.08 keV and
10keV. For focusing the X-rays Chandra uses hyperbolic glass mirrors coated with iridium.
For a detailed description of Chandra see [WBC102]. XMM-Newton was launched in 1999
and is operating now for ten years detecting X-rays with energies of 0.1keV —10keV. Since
XMM-Newton has three independent X-ray telescopes on board high resolution oservations
and spectroscopy can be done at the same time [Giid09]. Next to dedicated X-ray telescopes
there are multiple satellites which are also able of detecting X-rays they will be addressed
next.

~-ray observations

A lot of satellite experiments launched for astronomical observations were capable of de-
tecting v-rays with energies of MeV to ~ 100GeV. Energies larger than 100 GeV are
observed indirectly with TACTs, which was described in subsection 2.5.1. Because of the
large variety of instruments only the latest instrument as an example will be mentioned
here. The at the moment most promising instrument is the Fermi Gamma Ray Space
Telescope, formerly known as GLAST?® which was launched in June 2008. The main
instrument on board the Fermi spacecraft is the Large Area Telescope (LAT) which is cur-
rently performing an all-sky gamma-ray survey from 30 MeV to 300 GeV. The LAT started

22G ALaxy Evolution EXplorer

Znamed after the astronomer Subrahmanyan Chandrasekhar

24X -ray Multi-Mirror Mission - Newton, named after Sir Isaac Newton.
?5Gamma-ray Large Area Space Telescope
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operations in August 2008 [Ran09]. The second instrument is the Gamma-ray Burst Mon-
itor (GBM). The GBM is designed to detect GRBs, extend the energy range of the LAT
down to ~ 8keV— ~ 40 MeV and to compute GRB positions to relocate the spacecraft to
allow detailed studies of GRBs at high energies with the LAT [M*09].

2.5.3 Neutrinos from astrophysical sources

Yet another branch of astronomy is the neutrino astronomy. The neutrino was first postu-
lated in 1930 in a private letter exchange between Wolfgang Pauli and the participants of
a congress in Tiibigen. Pauli derived the existence of the neutrino from the fact that the
electron spectrum of the 8 decay was continuous. Pauli called the missing particle at that
time 'neutron’ it was then later renamed to 'neutrino’ by Enrico Fermi to avoid confusion.
The neutrino was experimentally verified by F. Reines and C. Cowen in 1956 using the
inverse 8 decay [RCT56]

ﬁe+p—>n—|—e+.

Reines and Cowen determined the anti neutrino interaction cross-section to (11 £ 2.6) - 10744 cm?
per 7. Later investigations of the cross section revealed a nearly linear dependence of the
cross section from the energy:

o(vN) = (0.682 £0.012) - 103 cm? - E, GeV ™!
for neutrino-nucleon scattering and
o(TN) = (0.338 £0.007) - 107 2¥ cm? - E, GeV !

for anti-neutrino-nucleon scattering with E,, < 10 TeV [Sch97].

Neutrino production in astrophysical environments

High-energy neutrinos observed at Earth are produced in interactions of charged cosmic rays.
The neutrinos themselves are not accelerated since they are neutral. The most important
process for neutrino production is the decay of charged m mesons

at — M+VM — e+1/el/uﬁu
as well as
T W Uy e Vel Uy .

In the sources the charged mesons are produced in hadronic interactions of protons, neu-
trons and photons:

pp — X+p—opnr’
np — A’p—ppr”
py — AT s nxt
ny — A" —pr .
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2.5.4 Neutrino detection

Due to their small interaction cross-section and since they are not charged neutrinos may
travel far distances from the sources without being absorbed like photons or deflected like
charged cosmic rays. Neutrinos may even carry information from inside the sources. How-
ever, the advantage for the propagation turns into a challange for the detection. Although
neutrinos from a cosmic source will interact with matter only rarely, there are ways to
detect neutrinos:

Detection with scintillators

This detection technique uses elastic scattering or charged current interactions to detect
electrons or positrons produced in these interactions with scintillators. As an example,
the Borexino detector, placed in the underground at the Laboratori Nazionali del Gran
Sasso (LNGS) in TItaly, uses a liquid scintillator to detect solar neutrinos. The detector

scintillator as inner detector. The scintillator is a mixture of 1,2,4-trimethylbenzene(PC)26
and 2,5-diphenyloxazole (PPO)27. Around this inner sphere there is another sphere which
carries 2112 PMTs for detecting the scintillation light. The space between the inner and the
outer sphere is filled with pure PC as a buffer liquid. Both spheres form the inner detector.
The inner detector is placed in a water tank filled with ultra pure water and equipped with
PMTs as a veto [Lew09]. Borexino has a threshold energy of 250keV — 665keV and can
detect solar neutrinos having energies in the range of a few MeV. For higher energies much
larger detector volumes are needed.

Radiochemical detection

Detectors with radiochemical methods to detect neutrinos use reactions where a target
nucleus is transformed into a different nucleus in charged current interactions. Suited as
target material is for example Gallium which is turned in the reaction

ve+ MGa — "Ge+e”

into Germanium and an electron. A detector that uses Gallium as target is GNO?8. GNO
has a 100t Gallium Chloride target which contains 30.3 t of Gallium. After an experimental
run the Germanium is chemically extracted and the decays of the Germanium are counted.
One decay corresponds to one neutrino interaction, Ge decays with a half life time of
11.34 days. GNO has a detection threshold of 233.2keV which makes it suitable for solar
neutrinos [A105].

26CsH3(CH3)3
1C15H11NO
22Gallium Neutrino Observatory
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Detection using the Cerenkov effect

Since the detection of neutrinos with higher energies requires large detector volumes, ra-
diochemical detectors and scintillator detectors reach their limits in size. Larger detectors
can be built using the Cerenkov effect (section 2.5.1) to detect neutrinos. In principle a
Cerenkov detector uses a volume of interaction media which is transparent for light. This
interaction can be a charged current or neutral current interaction. In case of a charged
current interaction of a v with a nucleon N a and lepton [ is produced

l/l—I—N—>X—|—l.

Here, X indicates the hadronic product of the interaction which leads to a hadronic cascade.
In case of a neutral current interaction a hadronic product and another neutrino is produced

Z/Z—I—N—>X—|—Z/l.

In a detector the Cerenkov light of the leptons and the hadronic cascades can be observed
using PMTs. As interaction and detection medium water or ice is suitable. A detector
which uses ice is IceCube. IceCube will be discussed in detail in section 4.2.

Detectors using water can be either built as tanks filled with water or in open sea. An
example for the first case is Super-Kamiokande?’, located in the Mozumi mine of the
Kamioka Mining and Smelting Company near the village of Higashi-Mozumi, Gifu, Japan.
The detector consists of a welded stainless-steel tank with 39 m diameter and 42 m tall with
a total nominal water capacity of 50,000 tons. For the detection of the Cerenkov light it
uses 11,146 PMTs facing to the inside and as a veto 1885 PMTs facing to the outside.
The detector is capable of measuring neutrinos from 4.5 MeV to over 1TeV [F+03|. The
preceding experiment to Super-Kamikande, Kamiokande-II, did the first direct observation
in neutrino astronomy in 1987. Kamioka-II detected neutrinos coming from the supernova
SN1987A [HKK™*8S].

A proposed Cerenkov neutrino detector in the Mediterranean sea is KM3NeT?30 which is
planned to have 1km? of detector volume instrumented. It is aimed that KM3NeT will
be able to detect neutrinos with energies starting at a few hundred GeV to above 10 TeV
with a pointing resolution of 0.1° [Rap08]. Currently there are three prototype detectors
for KM3NeT, NEMO?! [Dis09] NESTOR?*? [AABT06] and ANTARES?? [Bro09]. These
projects are used to gain experience on the field of deep sea neutrino detectors, testing
different configurations, hardware and sites for KM3NeT.

Acoustic and radio detection of neutrinos

To measure neutrinos at extremely high energies (EHEs) i.e. above 10% GeV, radio and
acoustic detection techniques are being designed. The possibility that the Cerenkov effect
was not just visible in visible light and UV but also in radio was first discussed by Askaryan

29Quper-Kamioka Nucleon Decay Experiment

30km?® Neutrino Telescope

3 NEutrino Mediterranean Observatory

#2Neutrino Extended Submarine Telescope with Oceanographic Research Project

33 Astronomy with a Neutrino Telescope and Abyss environmental RESearch project
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[Ask62], therefore called Askaryan effect. It was successfully observed in sand |[SGW101],
salt |GSFT05] and ice [GBBT07]. The Askaryan effect is used to detect EHE neutrinos at
the South Pole with the AURA3* experiment which is the radio extension to IceCube. The
first radio receivers have been deployed to the ice and were successfully tested [LRV0S].
The first experiment for acoustic neutrino detection was the SAUND3? experiment which
was deployed into the ocean [VGLO05|. There are also acoustic extensions for ANTARES,
the AMADEUS?® experiment [Lah09], and for IceCube SPATS?" [Des09]. The aim of these
detectors is to test the feasibility of constructing an array of ~ 10km? for the detection of
neutrinos in the EeV regime.

2.6 Astrophysical neutrinos

Two sources of astrophysical neutrinos are confirmed until today. One of these two sources
is the sun. The observation of the neutrinos from the sun, which are produced in nuclear
fusion processes in the sun, led to the discovery of neutrino oscillations, see e.g. [SNO02].
The second confirmed astrophysical neutrino sourceXS was the supernova SN1987A. From
this supernova 24 events were observed within 13 s by five different experiments [Hel87|. In
figure 2.9 there is an overview of the neutrino energy spectrum expected over a wide range
of energy from MeV up to EeV. The Cosmic Neutrino Background (CvB) is the equiva-
lent to the cosmic microwave background. The CvB decoupled in the Early Universe 1s
after the Big Bang, thus the temperature of the blackbody spectrum today corresponds
to ~ 1.9K and peaks at milli eV energies. This background is essentially predicted in the
standard model of cosmology but it was yet not possible to test it experimentally due to
the small interaction cross section of neutrinos at such small energies.

The sun emits neutrinos in different fusion processes in the MeV range. In the figure neu-
trinos from the pp fusion chain and from the "B chain are shown. The neutrino spectrum
of SN1987A lies at slightly higher energies, also indicated is the neutrino flux of a super-
nova in a distance of 10kpc. A supernova at that distance will be observed by today’s
neutrino telescopes once it happens. Four orders of magnitudes lower and yet not tested
is the flux from SNRs ("relic"). At energies above 0.1 GeV the measured atmospheric
neutrino spectrum is indicated measured by Fréjus (red squares) [D195] and AMANDA
(blue circles) [Miin07, MICT05]. At the highest energies a generic spectrum for GRBs is
shown [WB97, WB99| as well as the maximum contribution from AGN [MPRO1| and the
expected flux from absorbed protons by the GZK effect [YT93]|. These neutrinos have not
been observed yet due to the high atmospheric background and the limited sensitivity of
the detectors. It is the aim of detectors like IceCube and KM3NeT to detect those sources.
The following sections will focus on neutrinos from AGN and GRBs, Starburst-Galaxies
as possiple neutrino sources will be discussed in chapter 3.

34 Askaryan Under-ice Radio Array

36 ANTARES Modules for Acoustic DEtection Under Sea
37South Pole Acoustic Test Setup
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Figure 2.9: The astrophysical neutrino spectrum including different source predictions.
Fluxes from point sources have been scaled by ﬁ in order to be compara-
ble to diffuse spectra. Figure from [Bec08] after [Rou00|. The atmospheric
prediction is averaged over the solid angle is taken from [VZ80], the atmo-
spheric data are from the Fréjus experiment [DV95] (red squares) and from
the AMANDA experiment [Miin07, MIC" 05](blue circles). The fluxes based
on predictions are dashed, solid lines represent those fluxes already measured.

2.6.1 AGN as neutrino sources

It is assumed in some interaction models that for each class of AGN the electromagnetic
emission is correlated to a neutrino signal. The basic assumptions of the different inter-
action models are summarized in table 2.1. The models are developed for different AGN
classes using different signal hypotheses. The normalization of the neutrino spectrum for
each model is done using the either charged cosmic rays or non-thermal photon emission
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Normalization v correlation
Source class wavelength to wavelength origin  model(s)
blazars CRs proton flux, responsible jet [MPRO1|
for py in the source [MPET03]
> 100 MeV cascaded 7¥ signal jet [MPRO1]
connected to 7t [MPE03]
production leading to vs [Man95|
> MeV cascaded 7¥ signal jet [Man95|
connected to 7t [Ste05]
FSRQs radio jet-disk correlation jet [BBRO5a]
radio power ~ total power
FR-II radio jet-disk correlation jet [BBRO5D)|
radio power ~ total power
radio quiet AGN | X-ray cascaded 7¥ signal disk [SS96]
INMBO3|
[AMO04]

Table 2.1: Neutrino models for Active Galactic Nuclei. Table after [Bec08|. More de-
tailed description see text.

from the given source class. The cosmic ray flux gives evidence for proton acceleration,
these accelerated protons interact with the photon field to produce neutrinos. The cor-
relation between neutrinos and photons with MeV to GeV energies can be present if the
photons arise from 70 decays. The 7° decays imply coincident production of charged pions
which decay to leave neutrinos. Since the radio power is connected to the total power
via the jet-disk model [FB95, FMB95, FB99| the normalization to the radio signal of AGN
can be used. A fraction of the total power of the AGN goes into neutrinos. The X-ray
emissions originate at the foot of the jet, in the cited models these X-rays are assumed to
be produced in 7° decays and then cascaded down from TeV energies to X-ray wavelengths
in an optically thick environment. For a more comprehensive discussion of AGN neutrino
flux models see [Bec07| and |Bec08|.

2.6.2 Neutrinos from GRBs

Three phases of non-thermal photon and neutrino emission are expected: precursors in the
hours prior to the GRB [RMWO03], emission during the prompt phase as well as afterglow
emissions [WBO00].

Precursor emission

The basic idea of the precursor model developed in [RMWO03] is that a shock forms when
the pre-GRB matter collides with the wind of the central pulsar or the SNR shell. The
shock environment yields a good target for neutrino production by accelerated protons
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interacting with thermal X-rays in the sub-stellar jet cavity. At this point the burst is
still opaque to photon emission. These shocks happen at smaller radii than the prompt
emission and at lower boost factors. It is also possible that the neutrino signal could be
accompanied by a signal in the far infrared. The low energy part of the neutrino spectrum
comes from pp interactions and is proportional to E~2. At energies larger than 10° GeV
the neutrino flux arises from pv interactions.

Prompt emission

The prompt neutrino emission can be correlated to ultra high energy cosmic rays (UHE-
CRs) since protons are believed to be accelerated in highly relativistic shocks. In turn the
acceleration of protons implies neutrino production through photo-hadronic interactions.
The neutrino energy spectrum during the prompt photon emission phase in a GRB was
determined by Waxman&Bahcall [WB97, WB99| and can be expressed as

2 Brovt2. b B o b
A, -E?- 8 R &b < B, <eS (2.3)
ef-E;ﬂ”H ,E,,>e§.

dN,
dE,

The spectrum includes two spectral indices, «, and (3, two break energies, e?, and ef and
a normalization factor A,. Their numerical values were determined to

a, = 1

2

&~ 3.10°GeV
e ~ 3-10"GeV
A, d;Z.

S
I

Both, the break energies as well as the spectral indices vary for each individual burst as
described in [GHAT04,BSHR06]. The normalization constant A, varies for each individual
source. It depends on the luminosity distance (o dl%) as well as on the fraction of energy
transferred into electrons and the fraction of energy transferred into charged pions. In
addition, the normalization of the neutrino spectrum scales with the luminosity of the
burst. This released energy varies from burst to burst. In addition to this burst-to-burst
fluctuation, regular GRBs are distinguished from low-luminosity bursts. Regular, long
bursts emit a total isotropic energy of 10°2 erg for a duration (tgg) of the burst of ~ 10s.
Low-luminosity bursts last longer and and have a lower luminosity. Although only few
low-luminosity bursts are observed yet, they are expected to be much more frequent than
regular GRBs. For this class, an energy release of ~ 10°0 erg within around 1000 s is
expected. The closest burst observed so far was GRB980425, which was found to be
associated with the supernova SN1998bw |GT98|. The host galaxy lies at a redshift of only
2z = 0.0085 (~ 4Mpc). This burst shows a total energy release of ~ 10%" erg, which is an
extremely low-luminosity burst. As the luminosity distribution is not well-known at this
point, due to low statistics, a fixed value of 10°! erg 38
actual burst can be about one order of magnitude more or less luminous.

is used in neutrino flux models. An

Blerg=10""1J
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Afterglow emission

The afterglow emissions are produced when the internal shocks from the original burst hit
the interstellar medium producing external shocks [WB00]. The synchrotron emission of
electrons gives evidence to relativistic charged particles which implies neutrino production
by the baryonic component of the jet and the photon field. The acceleration to such high
energies (E, > 10%° eV) implies the neutrino production in proton-photon interactions in
environments which are optically thick to proton-photon or proton-proton interactions. In
[WB00] Waxman and Bahcall conclude that a significant neutrino flux is directly correlated
to the electromagnetic emission during the afterglow phase.

2.6.3 Neutrinos from Starburst-Galaxies

Starburst-(Galaxies are galaxies with a high star formation rate and thus also a high super-
nova rate making them a possible neutrino source. Starburst-Galaxies will be discussed in
more detail in the next chapter.






3

Starburst-Galaxies

This thesis focusses mainly on a particular type of galaxy, the Starburst-Galaxy. In
the following Starburst-Galaxies will be introduced and then discussed in the context of
neutrino astronomy. An analysis with the aim to confine a possible neutrino flux from
Starburst-Galaxies will be presented in chapter 5.

Starburst-Galaxies differ from late type galaxies ("normal" galaxies) through their en-
hanced star formation rate (SFR). An area with higher than average star formation ac-
tivity is labeled as a starburst region. Thus Starburst-Galazies are galaxies which show
an enhanced SFR. There is no common classification scheme for Starburst-Galaxies like
for the AGN and no uniform criteria that classifies galaxies as Starburst-Galaxies. To
classify a galaxy the SFR is evaluated. There are several methods to obtain the SFR in
Starburst-Galaxies. The SFR can be calculated by evaluating the HCN and IR emissions
from the galaxy. The HCN luminosity is a measure for the density of molecular gas which
is necessary to induce star formation. The SFR in dependence of HCN luminosity was
determined to [GS04b]

S M
SFRucx ~ 1.8 107 | Lyeny ———— | =2 3.1
HON ( HON o pCQ) - (3.1)

In [GS04b] the fraction of HCN to CO luminosity IEZCON is proposed as an indicator for

Starburst-Galaxies. For galaxies investigated in [GS04b]| the authors find LLHC—%“ ~ 0.1 —
0.25. The HCN and other molecular luminosities are measured as line emissions at radio
wavelengths. The SFR in dependence of the IR luminosity is given by

Lig\ M
SFRig ~2-10710 <ﬂ> Oy
L

yr

(3.2)

The above relations were obtained using a survey in HCN [GS04a]. The SFR can also
be obtained by evaluating measurements in other wavelengths. In [SW09| the SFR was
determined from the poly aromatic hydrocarbon (PAH) luminosity which is measured in
the mid-infrared at a wavelength of 7.7 um from the radio luminosity at 1.4 GHz and from
far-ultraviolet luminosity for a sample of 287 Starburst-Galaxies also measured in infrared
by Spitzer. It was derived that galaxies that were luminous in infrared were dustier. Dust
and molecular clouds are necessary for star formation, the molecular clouds are mainly
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hydrogen clouds which serve as fuel for the star formation. The gas and dust is then
heated by the star forming processes and emitting the energy gained as infrared radiation.
Starburst-Galaxies emit up to 98% of their energy as infrared light while the Galaxy emits
only 30% and the Andromeda galaxy a few percent [CO96|. Thus Starburst-Galaxies
are extremely bright in infrared, they are ultra luminous infrared galaxies (ULIRGS) or
luminous infrared galaxies (LIRGs). Most of the star formation occurs within about one
kiloparsec around the center of the galaxies but there are also Starburst-Galaxies where
the star formation occurs throughout the disk. The star formation has to be triggered,
i.e. the gas has to be condensed to start the star forming process. The star formation is
often triggered by a merging process of two galaxies. In such a process the gas becomes
concentrated in the center since stars and gas of the colliding galaxies react differently to
the impact of the intruding galaxy. The gas is moving out in front of the stars as they orbit
the galactic center. The gravity of these stars pulls back on the gas and the resulting torque
on the gas reduces its angular momentum causing it to plunge in the galactic center. While
the two galaxies merge more angular momentum is lost and shock fronts then compress
and heat the gas, a starburst begins [CO96]. In a typical Starburst-Galaxy between 10
and 300 Mg, of gas are turned into stars per year. For comparison in the Galaxy there are
two to three stars formed each year. This high rate of star formation is typically kept for
108 — 10? years. Not all Starburst-Galaxies have their star forming regions in the center,
some of them have them spread over the galactic disk. A mechanism which triggers the
star formation almost simultaneously in the whole disk is not found yet. An empirical
law that connects the SFR to the gas density in a galaxy was found for normal galaxies
in 1959 [Sch59| and later extended to star forming galaxies by Kennicutt [Ken98| this
expression is known as the Kennicutt-Schmidt-Law:

SFR x Ygas'? (3.3)

Here, g, is the gas density per unit area and SFR the star formation rate per unit area.
The exponent 1.4 was determined empirically from observational data.

There can be a connection between the evolution of Starburst-Galaxies and AGN, see
e.g. [VBD08, CWYT09]. The central black hole is believed to be fed by star forming
activities in the torus of the AGN. Thus some galaxies can be classified as both AGN and
Starburst-Galaxy.

Recent observations of the Starburst-Galaxies M 82 [AT09f] and NGC 253 [AT09g] in TeV
gamma rays (FE, > 700GeV for M82 and E, > 220GeV for NGC253) as well as the
observation of both in GeV gamma rays (E, > 200 MeV) by the Fermi LAT [AT09d] yield
a strong support to the connection of cosmic ray acceleration and star formation, indicating
that supernovae and massive star winds are the dominant accelerators. Both galaxies have
the starburst region around their nucleus [VAB96, Ulv00|. No variability in gamma rays
was observed which agrees with the emission of the gamma rays from diffuse cosmic ray
interactions, though small variations in gamma flux might occur if a supernova recently
happened in the galaxy [K*00, BT09b]. Large variations on short timescales would rule
out the possibility of the gamma rays being of cosmic ray origin. A power law behavior
was observed between GeV and TeV energies which suggests that a single physical emission
mechanism dominates the prodiction of gamma rays at these energies [AT09d].
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3.1 A local sample of Starburst-Galaxies

In this section, a sample of local Starburst-(GGalaxies is presented. The folowing findings as
well as the source catalog was already published in [BBDK09|. The data of the individual
sources are presented in appendix A. Only local sources are considered, since the aim
of this thesis is to investigate the closest sources. The catalog presented here consists
of a total of 127 Starburst-Galaxies. This is a sub-sample from a larger sample of 309
Starburst-Galaxies, applying cuts at both FIR and radio wavelengths to ensure a complete,
local sample. The initially 309 sources were all classifified as Starburst-Galaxies earlier
[RFG98,CTR05, TT06] and hence, no spectroscopic classification of the sample of starbursts
is presented here. The cuts on the initial sample of 309 sources are discussed in the following
paragraphs. Also, a small contamination of Seyfert galaxies, as only a small fraction of the
sources have X-ray measurements is possible. This contamination is, however, expected to
be negligible. Different tests were performed in order to verify that the considered galaxies
are indeed starbursts, as presented in the following paragraphs. In order to minimize
contamination from Seyfert galaxies, only sources with high ratios of FIR to radio flux
density, i.e. Sﬁou/SL4 GHyz > 30 are used. Here, Sgoy, is the flux measured in FIR at 60 ym
wavelength and S| , 31y, 18 the radio flux measured at 1.4GHz. To test if the sample
consists of Starburst-Galaxies as opposed to regular galaxies, the correlation between radio
power and FIR luminosity is checked wether it is a direct proportionality. Apart from that,
the main criterion for the catalog is that the sources are closer than z < 0.03, and that
they have both radio and IR detections. The latter gives information about the ratio of
the IR to radio signal, which is required to be larger than 30. This ensures a high IR
component compared to the radio part, leaving mostly starbursts and only few Seyfert
galaxies. Further, sensitivity cuts are applied, sources with a flux density > 4 Jy at 60 um
and a radio flux density at 1.4 GHz larger than 20mJy are included. Figures 3.1 and
3.2 show the 60 pm resp. 1.4 GHz luminosity of Starburst-Galaxies versus their luminosity
distance. The dotted lines represent the sensitivity for 4 Jy, resp. 20mJy. Crosses represent
all 309 sources selected in the beginning, squares show those 127 sources remaining after
the cuts at S| ,qg, > 20mJy and Sgo, > 4Jy, as well as z < 0.03. Those cuts are
applied in order to ensure a complete, local sample in both FIR and radio wavelengths.

Since the sources are closer than z = 0.03, many of the starbursts are located in the
supergalactic plane. Their spatial distribution should therefore be a flat cylinder with
a further more spherical component, for those sources not in the supergalactic plane.
Therefore it is expected that the number of sources with a flux density larger than S,
N(> S), should follow a behavior of S=! — S=1% A pure S~!—behavior is expected for a
flat cylinder, while a spherical distribution results in an S~'®—behavior. Figure 3.3 shows
the logarithmic number of sources above an FIR flux density Sgop,. The data was fitted
with the following function:

N(>S8)=Ny-(S+Sy)™"? (3.4)
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Figure 3.1: 60u luminosity - distance diagram. Crosses indicate all 309 pre-selected
Starburst-Galaxies, squares show those remaining after the cuts S, , ag, >
20mJy and Sgo, > 4.Jy and z < 0.03. The dashed line shows the sensitivity
for Seo, > 47y.

Here, Ny, Sy and (3 are fit parameters. The fit parameters are determined using a log-
likelyhood method:

Ny = 315541297.9
So = (10.56 £3.78) Jy
3 = 1.2+0.2.

The behavior N (> S) ~ S~1-2%02 matches the expectation that the function should lie
between S~19— S5 In the following paragraphs, further investigations are done whether
the classification of the 127 sources as starbursts is justified.

3.1.1 FIR luminosity versus Radio power

Looking at a well defined sample of galaxies, it turns out that the correlation between radio
and far-infrared (FIR) emission is not linear, i.e., that the radio luminosity is proportional
to the far-infrared luminosity to the power 1.30 + 0.03 [X794]. As Xu and collaborators
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Figure 3.2: 1.4 GHz luminosity - distance diagram. Same notation as Fig. 3.1. The
dashed line shows the sensitivity for S, , g, > 20mJy.

note, the far-infrared emission has two heating sources, stars that later do explode as
supernova remnants, and also stars, that will never explode as supernovae. This second
population of stars needs to be corrected for, and their contribution to the dust heating
needs to be eliminated. This then leads to a corrected far-infrared luminosity, which is
directly proportional to the radio luminosity [X*94]. The proportionality holds along a
disk in a galaxy, even for fairly short lived phases like a starburst, such as in M 82, and thus
requires clearly local physics, with a short readjustment time scale. This poses a severe
difficulty for any proposal to explain the radio/FIR correlation. The FIR luminosity in the
range of 60 ym and 100 ym is given as [X194]:

Ly = 47d} - FrR - (3.5)

Here, d; is the luminosity distance of the individual sources and

S S
Fpg = 1.26-107 1. [2.58 . ( 222 ) 4 ((210% )| w2 (3.6)
Jy Jy

is the FIR flux density at Earth as defined in [HT88]. The normalization factor comes
from the frequency integration and from the conversion of Jy to W/m?/Hz. In Fig. 3.4,
the logarithm of the radio power at 1.4GHz, P, , 1y, versus the logarithm of the FIR
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Figure 3.3: log N — log S representation of the catalog. An S~1-2—fit matches the data
nicely, with a turnover at Sy = 10.56 Jy.

luminosity Lyrr is shown for the catalog. The circles show the single sources and the solid
line is a fit through the data. The fit yields a correlation of

P, GHy o Ly (3.7)

As only 11 out of the 127 radio measurements have errors, it is difficult to estimate the
exact error on this result. If the average of 4.1% uncertainty, which was derived from the
known 11 errors, is used an uncertainty to the spectral index of around 10% is obtained.
Therefore, it is expected that the majority of sources in the sample are starbursts.

3.1.2 Infrared to radio flux density ratio

Generally, regular galaxies are distinguished from active galaxies by their ratio of the FIR
flux density at 60 um, Sgoy, and the radio flux density at 1.4 GHz, S| , ag,:

Stou/1s GHy = g
CORATEE TS LGy

For Seyfert galaxies, this ratio is about S60u/1.4 GHz ™~ 10, while it is significantly higher
in the case of starburst galaxies, S60p/1.4 GHz ™~ 300. While most of the Seyfert galaxies

(3.8)
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Figure 3.4: Radio power P, , a1, at v = 1.4 GHz versus FIR luminosity Lgig. A pro-
portionality of P, , a1, < L%}R is found.

are removed from the sample using this method, a small fraction can still be present. The
histogram of the ratio between the FIR flux density at 60 um and the radio flux density
at 1.4 GHz is shown in Fig. 3.5. All 127 sources have a ratio of S60/1.4 GHz > 30, which
confirms that the majority of the sources are not likely to be Seyferts, leaving behind only
a small fraction of potential Seyferts.

3.1.3 Radio to Infrared and X-ray to Infrared spectral indices

A further criterion of distinguishing regular galaxies and Seyferts is their spectral index
from X-ray to IR (XIR) and from radio to IR (RIR). The diagram of the XIR (1keV
to 60 um) versus RIR (5 GHz to 60 um) index of the sources is shown in Fig. 3.6. De-
rived from figure 3 in [R793|, Starburst-Galaxies have spectral indices scattering around
(RIR, XIR) stqrburst ~ (0.6, —1.9), Seyfert I galaxies show (RIR,XIR)g,—r ~ (0.48, —1.2),
Seyfert II galaxies have (RIR,XIR)g,—rr ~ (0.47, —1.6) and quasars are located at
(RIR,XIR)quasar ~ (0.28, —1.1).

The values for the RIR and XIR indices of Starburst-Galaxies given by [CKBS89| are
slightly higher, which matches the sample examined here: [CKB89] give a RIR index
of 0.82 and a XIR index of —1.66. The sample presented here shows average values of
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Figure 3.5: Ratio of the flux density at 60 um and at 1.4 GHz. All sources in the sample
have ratios larger than 30, which indicates a high star formation rate. The
median is around 100. This matches previous investigations, e.g. [BEWS85],
who find a mean value of 250 at higher radio frequencies, v = 5 GHz.

(RIR, XIR) = (0.82 4 0.01, —1.77 4 0.021) which is compatible with the expected result.
Still, no X-ray data for all the sources is availiable, so there may still be some contam-
ination from both Seyferts and regular galaxies in the sample, which is expected to be
negligible.

3.2 Starburst-Galaxies as neutrino sources

As stated in [BBDKO09], the cosmic ray intensity from Starburst-Galaxies scales with the
radio and infrared emission of the sources. There are two source classes within starbursts
that can accelerate cosmic rays to high energies, namely shock fronts of supernova remnants
and long Gamma Ray Bursts (GRBs), both discussed in section 2.4. In the first case,
maximum energies are limited to less than 10'° eV and thus, the cosmic rays from starbursts
cannot be observed directly due to the high cosmic ray background in our own Galaxy.
Gamma Ray Bursts, on the other hand, were proposed as the origin of cosmic rays above

the ankle, i.e. Ecr > 3-10'® eV, see [Vie95, Wax95]. Since a high star formation rate
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Figure 3.6: Radio-to-IR spectral index versus X-ray-to-IR spectral index. The crosses
represent those 48 sources in the catalog with radio, FIR and X-ray measure-
ments. The triangle shows the average of the values. The open circle shows
the average location of Seyfert I galaxies, the open square represents average
Seyfert 1l galaxies and the star indicates QSOs. The last three values are
taken from [RT93]. Note that individual galaxies scatter around the given
values [CKB89).

as it is present in Starburst-Galaxies, leads to a high rate of supernova explosions, an
enhanced rate of long GRBs is expected. Thus, for closeby sources, the distribution of
Starburst-(Galaxies can be used to test the hypothesis of cosmic rays from starbursts, as
also discussed in [BT09a]. The diffuse high energy neutrino flux from Starburst-Galaxies
can be calculated using the supernova rate as done in [BBDKO09|. In this calculation the
SNR are expected to accelerate particles up to energies below 10'° eV since SNR in the
Galaxy do the same. The calculated neutrino spectrum shows a cut off at about 10!° eV
since protons are not expected to be accelerated beyond this energy in SNR. The calculated
diffuse neutrino flux from Starburst-Galaxies is shown in figure 3.7 and it is out of reach
for neutrino detectors like AMANDA and IceCube. For a description of these detectors
see section 4. Previously a flux prediction by Loeb and Waxman was given [LW06| which
derived the neutrino flux from the FIR luminosity assuming that 100% of the diffuse FIR
background derives from Starburst-Galaxies. This yields a quite high flux prediction which
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Figure 3.7: Expected diffuse high-energy neutrino flux from SNRs in Starburst-Galaxies.
Data points show the atmospheric neutrino background as measured by the
AMANDA experiment (data between 2000 and 2003) [M*07, Miin07]. The
prediction of atmospheric neutrinos is taken from [Vol80]. AMANDA limits
are for the same data sample, derived from the fact that no significant excess
above the atmospheric background was observed. The dot-dashed line shows
the prediction by [LW06]. Figure taken from [BBDK09.

was doubted by Stecker [Ste07]. He pointed out that only 23% of the FIR background
originates from Starburst-Galaxies.

3.2.1 Gamma Ray Bursts and starbursts

Starburst-Galaxies show an enhanced rate of supernova explosions due to their large star
formation rate. Thus an increasing rate of long Gamma Ray Bursts (GRBs) directly linked
to SN-Ic events [MT03b] is expected. If long GRBs are the dominant sources of UHECRs,
the contribution from nearby objects should follow the distribution of Starburst-Galaxies.
In the following calculations, it is assumed that every SN-Ic explosion is accompanied by a
particle jet along the former star’s rotation axis, i.e. by a GRB. The opening angle of the
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GRB jet, 6 determines, how many SN-Ic can be observed as GRBs, see e.g. [BT03,R108].
NGRB = € * NSN—Ic- (3.9)

Here, ngrp is the GRB rate in a galaxy and € = (1 —cos(0)) is the fraction of SN-Ic which
can be seen as GRB. The opening angle is expected to be less than ~ 10° for the prompt
emission. Afterglow emissions and precursors can have a larger opening angles [M108].
Putting the focus on prompt emission, an optimistic opening angle of ~ 10° is used,
yielding

e = 0.015. (3.10)

Further, observational data show that core collapse supernovae of type Ic contribute with
11% to the total supernova rate in starbursts [CT01]. Using equation 3.9 the GRB rate in
a starburst galaxy is directly correlated to the supernova rate ngpy,

NGRB = € - { - NN (3.11)

with £ ~ 0.11 as the fraction of heavy SN among all SN. The supernova rate is correlated
with the FIR luminosity of the galaxy [M*03al,

L
gy = (2.4 40.1) - 10712 <LF—;R> yr L. (3.12)

The FIR luminosity is expressed in terms of the solar luminosity Le = 3.839-1033ergs and
is given in the range of 60 um and 100 um by [XT94]

Lyr = 47d? - Frir. (3.13)
Here, d; is the luminosity distance of the individual source and
Frr = 1.26 - 1071+ (2.58 - Sgo/,, + S100,) Wm? (3.14)

is the FIR flux density as defined in [H*88]. Seop and S1oo, are the measured flux densities
at 60 yum and 100 pm, both measured in Jy. Using equation 3.12 to determine the supernova
rate, equation 3.11 yields a rate of

. _ Lrr € § _
—3.8-10715. ( ) 1 3.15
ners = 3810 ( Lo > 0.015/ \oar) " (8.15)

per starburst. For a 1km? neutrino detector with a lifetime of 10 years (like IceCube or
KM3NeT) luminosities of around 3 - 103 - Lo ~ 10%7 ergs are required for a single event
within these 10 years. None of the sources in the catalog provides such a high luminosity.

However, if a larger number of starbursts is considered for an analysis, the total luminosity
increases and so does the probability of observing a GRB. Figure 3.8 shows the total GRB
rate for a number of Ngiabursts galaxies,

Nstarbursts
&L B (Nstarbursts) = Z nerp(ith starburst). (3.16)
=1
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Figure 3.8: Number of GRBs per year in the starburst catalog, including Nggarbursts
sources, starting with the strongest one. The total GRB rate in the sam-
ple, including all 127 sources is 0.03 yr~!, this means that a GRB could be
observed every 30 years on average. The total GRB rate just in the northern
hemisphere is 0.02 yr~! or an occurrence every 50 years, the data shown in
squares. These source lie in IceCube’s FoV.

In the figure the GRB rates achieved in the single starbursts are summed up, starting with
the most luminous source, adding sources in descending luminosity order. The points show
the GRB rate summing up over all starbursts in the sample, starting with the strongest
one and adding the next strongest sources subsequently. On total, 0.03 GRBs per year
are expected to be observable in the sample. The squares display the total GRB rate,
summing up sources in the northern hemisphere, which corresponds to IceCube’s Field
of View (FoV). Here, 0.02 GRBs per year are expected. This number can be enhanced
significantly when taking weaker sources into account which were not included in the sample
in order to ensure completeness, see section 3.1.
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3.3 Enhanced neutrino flux from GRBs in starbursts

Due to the high atmospheric background seen by high-energy neutrino telescopes, the
detection of a diffuse neutrino signal from GRBs in nearby starbursts will not be possible.
However, with a timing analysis one might be able to identify Gamma Ray Bursts in
neutrinos. In such an analysis, the location of a nearby starburst can be chosen as a
potential neutrino hot-spot. By selecting a time window of the typical duration of a long
GRB (~ 100s) the atmospheric background can then be reduced to close to zero. In this
context the general neutrino intensity and in particular the possibility of neutrino detection
with IceCube are discussed.

For the first time the neutrino energy spectrum during the prompt photon emission phase
in a GRB was determined by Waxman&Bahcall [WB97, WB99| and can be expressed as

Eyovt2. b g b
= A, -E;2.{ g2 e < E, <€ (3.17)
ef-E;ﬁ”H ,El,>ef.

dN,
dE,

The spectrum includes two spectral indices, «,, and 3, two break energies, eg and 65 and
a normalization factor A,. For the GRBs in starbursts, these parameters were discussed
in detail in [BBDK09|. Their numerical values were determined to

a, = 1

By = 2

& ~ 3-10°GeV
e ~ 3-107GeV
A, « dl_Q.

The normalization constant A, is calculated for each individual source. It depends on de
as well as on the fraction of energy transferred into electrons and the fraction of energy
transferred into charged pions. In addition, the normalization of the neutrino spectrum
scales with the luminosity of the burst. This released energy varies from burst to burst.
In addition to this burst-to-burst fluctuation, regular GRBs are distinguished from low-
luminosity bursts. Regular, long bursts emit a total isotropic energy of 10°? erg for a
duration (tgp) of the burst of &~ 10s. Low-luminosity bursts last longer and and have
a lower luminosity. Although only few low-luminosity bursts are observed yet, they are
expected to be much more frequent than regular GRBs. For this class, an energy release
of ~ 10°° erg within around 1000 s is expected. The closest burst observed so far was
GRB980425, which was found to be associated with the supernova SN1998bw [GT98]. The
host galaxy lies at a redshift of only z = 0.0085. This burst shows a total energy release of
~ 10%" erg, which is an extremely low-luminosity burst. As the luminosity distribution is
not well-known at this point, due to low statistics, a fixed value of 10°! erg was used. An
actual burst can be about one order of magnitude more or less luminous. Now, to estimate
the neutrino flux from a standard GRB for a single starburst in the sample, dependent
on the distance of the starburst, the normalization is calculated. The other parameters
are kept constant and hence the results can only serve as a rough estimate. Both the
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break energies as well as the spectral indices vary for each individual burst as described
in [GT04].

Expected event rates in IceCube

As shown in figure 3.8, 0.02 GRBs per year are expected to occur in the 96 starbursts in
the sample in the northern hemisphere, IceCube’s FoV. However, this rate can be enhanced
if all sources in the northern hemisphere would be taken into account. For completeness
reasons only the brightest ones were considered here. This enhances the possibility to
detect a GRB from a starburst in the super galactic plane within the lifetime (10 years) of
IceCube. The prospects for KM3NeT are slightly worse, since only 0.01 GRB per year is
expected in the southern hemisphere, where KM3NeT’s FoV will be focused. The number
of events per GRB expected in IceCube can be calculated by folding IceCube’s effective
area Aeg [Mon08| with the GRB spectrum dN, /dE,

e dN,

Nevents = | Aegr(E,) -
events Eth € 14 dEV

dE,. (3.18)

Here, the weak dependence of the Aqg from the declination of the burst is neglected. For
the threshold energy Fi, = 100 GeV is used. This is the general detection threshold of
IceCube [AT04]. Since events can be selected in a small time window with the typical
duration of a long GRB, 10 — 100s, the atmospheric background can be reduced close to
zero. Figure 3.9 shows the histogram of the numbers of events expected in IceCube from
an average GRB with an isotropic energy of Eifo = 105! erg from the 96 starbursts in the
sample. These numbers range from 0.1 to about 300 events per burst, depending on the
distance of its host galaxy. These numbers lie between 1 and 5 orders of magnitude above
the numbers of events for GRBs typically observed by satellite experiments like Swift,
BATSE and Fermi. If such GRB occurs in the sample of Starburst-Galaxies presented
here it is a unique opportunity to study the hadronic component of GRBs.
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Histogram of the number of events in IceCube from the 96 starburst galaxies
in the northern hemisphere. Depending on the distance of the starburst, a
burst would result in between 0.1 and several 100 events in IceCube in a small
time window of 10 — 100 seconds. A regular burst at z ~ 1 — 2 gives only
0.027 events as indicated in the figure. The main reason for the increased
signal is that the bursts would come from starbursts closer than z = 0.03.
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Neutrino telescopes
at the South Pole

In this chapter the two neutrino detectors located at the South Pole, AMANDA ! and
IceCube are described. As in this thesis, data from both AMANDA and IceCube have
been used to perform analyses on the search of neutrinos from point source classes. Cur-
rently operational is IceCube, the AMANDA detector was the predecessor of IceCube
and has been decommissioned. Both detectors use the Cerenkov light produced by sec-
ondary particles produced in neutrino interactions in the ice. Neutrino detection using the
Cerenkov effect was explained in section 2.5.4. The infrastructure for building and running
experiments like AMANDA and IceCube at the South Pole is provided by the Amundsen-
Scott South Pole station, this station provides power for the detectors and habitation for
the personnel.

4.1 The AMANDA telescope

AMANDA was the first neutrino detector to be built in ice. AMANDA consists of 677 pho-
tomultipliers (PMTs) which are situated between 1500 m and 2000m deep in the antarctic
ice shield. Each PMT is housed in a glass sphere as a pressure housing together with
a voltage divider. The PMTs contained in the glass spheres are called optical modules
(OMs). The OMs are used to detect Cerenkov radiation produced by secondary particles
which were produced in neutrino interactions in the ice. The PMTs in the OMs are looking
downwards because it is aimed to detect light from upward going particles. Upward going
particles were most likely produced by a neutrino from an extra terrestrial source since
neutrinos can travel through the Earth. Downward going particles are mainly produced in
the Earth’s atmosphere. The OMs are connected to steel cables, each holding between 10
and 42 OMs. These steel cables with the OMs are called strings and AMANDA consists
of 19 strings. Along each string a cable for the high voltage supply and the signal trans-
mission leads from each OM into the Martin A. Pomerantz Observatory (MAPO) which
houses the data acquisition systems and high voltage supplies for AMANDA. AMANDA

! Antarctic Muon And Neutrino Detector Array
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has been built from 1993 until 2000. In its final stage the detector is called AMANDA-II.
To connect the OMs to the MAPO electrical cables as well as optical fibers are used. In
an electrical channel a pulse widens up from its typical length of ~ 20ns to ~ 200ns. In
an optical channel the pulse keeps its length of ~ 20 ns since there is almost no dispersion
in optical fibers.

AMANDA delivered valuable results such as flux limits on the neutrino flux from point
sources [AT09b] and the atmospheric neutrino flux [Miin07, M*07]. Although AMANDA
would be still operable it was decided to shut it down to conserve electrical power which is
quite limited at the South Pole. AMANDA was decommissioned on May 11*" 2009 after
eight years of operation in its final configuration. The success of AMANDA paved the
way for building an even larger neutrino telescope at the South Pole, the IceCube detector
which will instrument about a km? of ice. TceCube will be described in the next section.

4.2 The IceCube neutrino telescope

The IceCube detector is the larger successor of AMANDA. It uses the same detection
technique and is designed to detect neutrinos in an energy range from initially ~ 100 GeV
to 1 EeV. IceCube has three subdetectors, the part inside the ice called Inlce, an airshower
array at the surface called IceTop and a low energy extension in the ice called DeepCore.
IceCube is currently under construction, each of the subdetecors will be explained in the
following. Figure 4.1 shows IceCube in its final configuration.

4.2.1 The Inlce detector

The Inlce detector of IceCube in its final stage is planned to consist of 5160 digital optical
modules (DOMs), an improved version of the AMANDA OMs, deployed between 1450 m
and 2450 m in the antarctic ice [Kar08|. The main difference between the AMANDA OMs
and the IceCube DOMs is that in the IceCube DOMs the PMT signals are digitized in
and then sent to the surface. Transmitting the PMT pulses in digital form the pulses
do not suffer from dispersion like it was the case with AMANDA. The signals are sent
through twisted pair cables to the surface. During construction the detector is already
taking data and analyses are performed with this data. The first string of lceCube was

‘ Year ‘ Detector ‘ Strings deployed ‘ Total strings ‘

2004/2005 | String-21 1 1
2005/2006 IC-9 8 9
2006/2007 1C-22 13 22
2007/2008 IC-40 18 40
2008/2009 IC-59 19 99

Table 4.1: The different stages completed so far during construction of the Inlce detector
of IceCube.

deployed in the austral summer 2004/2005, another eight strings one year later forming the
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Figure 4.1: The IceCube detector including Inlce, IceTop and DeepCore [Col09).

up the 22-string detector (IC-22), the data from this detector configuration was used in
this thesis. The next stage of the detector was IC-40 with the installation of another 18
strings in the summer 2007/2008. In the latest season, 2008/2009 19 strings (including
one string for DeepCore) were deployed extending the detector to 59 strings in total. This
is the configurationlceCube is currently taking data with. The stages of construction are
summarized in table 4.1. The current season, 2009/2010, is ongoing with another 5 strings
deployed as of December 2009 aiming for a total of 18 strings to be deployed this season.
The detector is due for completion in 2010/2011, the Inlce detector will have 86 strings
according to current plans.

4.2.2 The IceTop detector

Placed on the surface above the Inlce detector there is an air shower array labeled IceTop.
IceTop measures cosmic ray air showers and will consist of 160 tanks at the surface with
two DOMs each when it will be finished. Currently IceTop consists of 59 tanks. IceTop
can serve as a veto and a calibration for the Inlce detector and can measure the energy
spectrum and study the chemical composition of the cosmic rays. IceTop measures the
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energy deposited in the array and the lateral distribution of the shower signal. These
values are necessary to study the composition, heavier nuclei have more energy and a flatter
lateral distribution. In addition to this IceTop also measures the angular distribution of the
showers and the angular distribution of muon bundles as well as the altitude at which the
shower has its maximum. These parameters are also sensitive to the chemical composition
of the cosmic rays [Sta09].

4.2.3 The DeepCore extension

Until the decommissioning of AMANDA, AMANDA was integrated into IceCube for de-
tecting low energy events. The Inlce detector measures at slightly higher energies as
AMANDA (E > 100GeV for IceCube compared to E > 50GeV for AMANDA) since
the spacing between the AMANDA OMs is closer than the spacing between the IceCube
DOMs. The first DeepCore string was deployed in January 2009, the complete DeepCore
detector consisting of 6 strings will be deployed early 2010. With the DeepCore extension
the lower energy threshold of IceCube is expected to be an order of magnitude lower, be-
low 10 GeV. Each string of DeepCore holds 60 DOMs, 10 DOMs on each string at shallow
depths between 1750 m and 1850 m used as a veto for the remaining 50 DOMs at depths
between 2100 m and 2450 m [Wie09]. The deep ice is on average twice as clear as the shal-
low ice which is an advantage of DeepCore compared to AMANDA which was at shallow
depths.
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A stacking analysis with
AMANDA-II and IC-22 data

In this chapter a stacking analysis for different potential neutrino point source classes is
presented. It has previously been shown that the source stacking method yields large
improvements in sensitivity in an analysis of generic AGN classes using four years [Gro06|
and five years [AT07| of AMANDA-II data. In this thesis this analysis was redone using
two new data samples, one covering seven years of AMANDA-II data and one covering
275.7 days of IC-22 data. In addition improved source catalogs were defined, a catalog of
Starburst-Galaxies, see section 3.1, as well as source catalogs for blazars, Flat Spectrum
Radio Quasars and Pulsars detected by the Fermi LAT [Abd09]. In the following sections
the stacking technique which is sensitive to a cumulative signal of a generic source class
will be introduced, the stacked source classes as well as the data samples will be presented
and the results will be shown.

5.1 The source stacking method

The source stacking method has successfully been used in optical as well as radio astronomy.
It has been applied the first time in neutrino astronomy in |Gro06]. The present analysis
uses the same technique. The source stacking method is sensitive to a cumulative signal
of a generic source class. The source classes themselves have to be defined accurately
beforehand according to a well defined signal hypothesis. Such a hypothesis is typically the
correlation of a measured photon flux at a certain wavelength band to be connected to the
neutrino flux. Proton acceleration is expected at the same site and neutrinos are produced
when the accelerated protons interact with the ambient matter or photon field. Thus for the
AGN it can be assumed that the neutrino signal is correlated to the radio signal. The signal
hypothesis for the Starburst-Galaxies is that the neutrinos are produced in SNRs inside the
Starburst-Galaxies which are connected to the star forming activity. As a measure for the
star forming activity serves the FIR flux at 60 um which is then assumed to be correlated
to the neutrino flux. Stacking uses the fact that signal and background grow in different
speeds when added for multiple sources. While the signal grows linearly with the number
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N of sources the background grows proportional to \/—% assuming (aussian statistics.
Stacking can therefore suppress background and hence increase the signal sensitivity. Signal
and background are evaluated for a certain angular search bin where its size has to be
determined for each source class. Both, the number of sources to be stacked IV, as well as
the angular radius of the search bin r;, are parameters of the analysis which have to be
optimized using Monte Carlo simulations. The sources are sorted according to the signal
hypothesis as described above. The background expectation derives from the number of
events inside the zenith band (off source) of the sources normalized to the area of the search
bin

Abin
Azb

Npg = Nyh- (5.1)
Here, Ay, denotes the area of the search bin, A, the area of the according zenith band,
Npin and n,p the event numbers in the search bin and the zenith band. The areas of the
search bin and the zenith band are defined as

Apin =27 - (1 — cos(7bin)) (5.2)
and
Az = 27 - (8in(Omin) — Sin(dmax)) - (5.3)

In these equations rp;, is the angular radius of the search bin and din and dmax the mini-
mum and maximum declination angles limiting the zenith band. Astronomical coordinates
use the declination (6 or DEC) and right ascension (o or RA), on a technical level the
detector coordinates zenith angle © and azimuth angle ® are used. At the South Pole the
relation between declination and zenith is § = ®4+90°, the conversion from right ascension
and azimuth depends on the time of the event and is done with the analysis software.
Figure 5.1 illustrates the search bin and the zenith band.

To justify that the background estimation can be taken from the events in a zenith band,

8=90°

5 : : ' : : ] ! ' : ' :
o=0h / ’ 0=24h
Off—source On—source

Figure 5.1: The search bin (on source) and the associated zenith band (off source) en-
closed by Omin and dpmax. Figure from [Gro06].

the event distribution in right ascension has to be flat. Both distributions are shown in
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o1

figure 5.2, for AMANDA on the left and for IC-22 on the right. The distributions are flat
within their error bars where the error is the square root of the number of events in each
bin. In the stacking approach the signal (on source) and background (off source) events
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(a) The RA distribution for the AMANDA data set  (b) The RA distribution for the IC-22 data set

Figure 5.2: Right ascension distribution for the AMANDA and IC-22 data, both distri-
butions are flat.

are summed up for NV sources

N

SIG(N) = ) SIG; (5.4)
i=1
N

BG(N) = Y BG;— BG}"™"™. (5.5)
=1

Here, SIG; and BG; are the number of signal and background events for the i'" source.
The quantity BG?Verlap is the number of events in the overlap region if two sources have
overlapping zenith bands. This number is obtained analogously to equation 5.1 by replacing
Apin with the space angle of the overlap region.

5.2 The source samples

For the analyses performed here only sources in the northern hemisphere which are not in
the galactic plane (|b] > 10°) were selected. The cut on the galactic plane was done to
exclude possible galactic sources. An exception to this criteria is the sample of pulsars.
As pulsars being of galactic origin, also sources within the galactic plane were selected. In
this theses seven generic source catalogs are used for the two stacking analyses:

e Starburst-Galaxies
The source catalog of Starburst-Galaxies as well as the expected neutrino flux was
discussed in chapter 3. These sources were stacked according to the measured FIR
flux at 60 um wavelength.
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FR-I galaxies

A sample of FR-I galaxies was taken from [SMADS85]|. A prediction for the neutrino
flux for FR-I galaxies was made in e.g. [AGHWO04]. This sample was already analyzed
with the AMANDA-ITI 4-year data set. Also here, the sources were stacked using the
radio flux at 178 MHz.

FR-II galaxies

The neutrino flux of FR-II galaxies was calculated in e.g. [Bec04]. The source catalog
was also acquired from [SMADS85| and has been analyzed with the 4-year data set.
Like the FR-I galaxies, the FR-II galaxies were stacked according to the radio flux
at 178 MHz.

Flat Spectrum Radio Quasars (FSRQs)

The analyzed sample of FSRQs was taken from recently published data measured by
Fermi LAT [Abd09]. The neutrino output of FSRQs is assumed to occur in a narrow
beam, calculations were done in e.g. [BB09, MSB92|. These source were stacked with
the flux measured by Fermi LAT in an energy range from 1 GeV — 100 GeV.

Compact Steep Spectrum and

Gigahertz Peaked Sources (CSS/GPS)

In compact sources it is believed that neutrino production takes place because the jet
gets stuck in matter and nucleon-nucleon interactions take place. This source class
is covered in this analysis by a sample of CSS/GPS obtained from [O’D98], it was
already analyzed with the 4-year data set. The CSS/GPS sources were stacked using
the radio flux measured at 1.4 GHz.

Blazars

This sample was also defined in Fermi LAT’s bright sources list [Abd09], neutrino flux
calculations can be found for example in [AD01| and [BB09|. The sample contains
mainly BL Lac objects as well as unidentified blazars as classified in [Abd09]. These,
like all source samples obtained from the Fermi bright sources list, was stacked with
the flux measured by Fermi LAT in an energy range from 1GeV — 100 GeV.

Pulsars

Pulsars are likely to appear in dense matter regions and are efficient particle acceler-
ators [BBMO05]|. Pulsars as possible high energy neutrino sources have been discussed
since a long time [Sat77, Bed01,Nag04, LB06|, the surrounding matter serves as in-
teraction medium for the neutrino production. As the previous source classes, this
source class was stacked with the flux measured by Fermi LAT in an energy range
from 1GeV — 100 GeV. The used sample of pulsars is a sub sample of the Fermi
LAT bright sources list [Abd09]. This source class as the only galactic source class
was analyzed because of the measurements by Fermi LAT there was data available
which was acquired very systematically. The Fermi LAT Collaboration did not use
predefined catalogs for their analysis but looked at the most significant spots on their
sky map. In addition, high energy photons are a good selection criterion: If theses
photons are of hadronic origin, neutrinos are bound to be produced. Recently pub-
lished data on the Crab pulsar by MAGIC suggests that the photons are produced in
the slot or outer gap and not in the polar cap of the pulsar [AT08b]. However, this
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statement needs to be confirmed by other detectors since other works [Bed01]| sug-
gest neutrino production to take place in other regions of the pulsar. Either scenario
makes pulsars a source class worth being investigated.

Source classes from the 4-year analysis which were excluded in this analysis

The kev-blazars analyzed in [Gro06] were not analyzed in this analysis since these sources
were out ruled by current AMANDA limits, see [AT07] for details. TeV blazars are not
included in the analysis either because the study of Fermi is more systematic in terms
of a catalog than TeV measurements. Fermi LAT observed the sky for 3 months while
TeV instruments are pointing telescopes (IACTs) and thus bound to weather conditions.
While the brightest sources are well established, the more recent discoveries are still to be
completed. It is expected that more sources with the same flux density are to be detected
after extended investigations with the telescopes. Another point is the variability of the
sources at those wavelengths as an important factor for detection. The Fermi measurements
seem to show a steady component even for variable sources giving a much better measure
for the actual long-term flux which this analysis points to.

5.3 Analysis of AMANDA-II data

5.3.1 Optimization

The optimization procedure of the stacking parameters was done with a simulated E—2
signal spectrum and was developed in [Gro06]. The number of sources to be stacked
was optimized by evaluating the signal and background for a predefined search bin of
3°. For each source the number of signal and background events within this search bin
is counted and then weighted with the measured flux which is assumed to be correlated
to the neutrino flux. After processing all sources of the sample the signal is normalized
to 1 for the strongest source and the signal and background is summed up resulting in a
total signal (SIG(NV)) and total background (BG(N)) for the sample (see equation 5.4).
In order to find the best suited number of sources N the median significance o(N) for a
signal SIG(N) and a background BG(N) is calculated. Poissonian statistics have to be
applied here since the absolute numbers of BG and SIG are too small to apply Gaussian
statistics. The probability to observe at least n events is given by

P(nows|SIG, BG) = T'1(n, SIG + BG), (5.6)

where I'; is the incomplete Gamma function. The median of this distribution is given by
Nmedian With P(Nobs > Nmedian) = 0.5. This value is obtained by inverting and resolving
this equation for 7nmedian- The significance of the observation of nmedian €vents is given by
the probability under the assumption of pure background and it is given by

P(nobs > nmedian‘BG) = Fl(nmedian’ BG) (57)
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The significance in terms of a probability P is then rescaled to the corresponding number
of standard deviations s of a cumulative Gaussian distribution ¢ by inverting

P=1-¢(s)= 1—er7f(8/2)' (5.8)

2
Using SIG(N) and BG(N) in the above calculations yields o (V) as the significance s for
N sources. The number of source to be stacked is chosen according to the maximum or
the point of saturation of o(N) in order to maximize the significance for the analysis. The
behavior of (V) can be divided in three cases:

1. o(N) is always increasing with N: a diffuse analysis would be more sensitive for the
considered hypothesis.

2. o(N) is always decreasing with N: the sample is dominated by the strongest source,
the strongest source should be skipped in stacking and analyzed separately.

3. o(N) reaches a maximum or saturation at a certain N: source stacking with N
sources is most sensitive for the considered hypothesis.

Here, o(IN) was evaluated for a signal expectation of 1,23 and 4 signal neutrinos from the
strongest source. These numbers are agreeable with the point source flux limits published
in [AT09b]. As search bin size in this optimization step a search bin with roughly the
angular resolution of AMANDA was chosen, 3°.

Figure 5.3 shows the significance in dependence of the number of sources for the class of
the Starburst-Galaxies without the strongest source, the optimum number of sources was
determined to be 12. The second parameter, the angular radius of the search bin 7y, is
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Figure 5.3: Median significance of the sample of Starburst-Galaxies without the dominating
strongest source in dependence of the number of sources. Saturation is reached
for 12 sources.
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optimized similar to the number of sources. In this optimization step the number of sources
N from the first step is used. Here, the significance in dependence of i, is evaluated.
Signal and background are obtained by adding the signal and background for N sources
like in the step before. But here the signal is then multiplied by the value of the cumulative
point spread function for the according search bin. The curve of o (rpin ) shows a maximum
at the optimal search bin size. This optimization step was only used for the AMANDA
data and was changed for the IC-22 analysis as explained in 5.4.2.

As an example the significance in dependence of the search bin size for the Starburst-Galaxies
is shown in figure 5.4, an optimal search bin size of 2.4° was found. After having fixed
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Figure 5.4: Search bin variation for the Starburst-Galaxies. The optimal search bin is 2.4°.

the optimal rp;, cross-checks have been done to make sure that the previously obtained
number of sources N is still the optimal number after setting the search bin size. The
stacking parameters from the optimization step were tested with scrambled data sets to
preserve blindness. Inside the IceCube Collaboration analyses are performed blindly, that
means that all parameters of the analysis are fixed using simulated or scrambled real data.
This prevents the analyses from being biased towards a certain result.

In this analysis no distance correction on the measured fluxes of the sources were done.
Here, this analysis differs from the 4-year-analysis. In the 4-year analysis the fluxes were
corrected to a uniform distance of z = 0.1. This yields a homogeneous sample where flux
differences of the sources mirror the intrinsic flux properties of the sources. This correction
suppresses nearby and strong sources. In this analysis no correction was applied since it
is believed that nearby and strong sources in photons are also strong sources in neutrinos.
This difference in both analyses leads also to different parameters for equal source classes.
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5.3.2 Data

For this analysis the point source sample covering seven years of AMANDA-IT data with the
according Monte Carlo simulations was used. These seven years of data taking correspond
to 3.8 years of detector lifetime. See [AT09b] for a detailed description of the data sample.
The finalized data sample contains 6595 events. To preserve blindness only simulated
and scrambled data were used. The scrambled data consist of 1000 data sets from the
original data with arbitrary azimuth angles and 1000 source catalogs with randomized
source positions. The significance distribution for both scrambled data sets are expected
to follow a Gaussian distribution with a mean of 0 and a sigma of 1 for all source classes.
The significance distribution for scrambled data sets for the Starburst-(Galaxies is shown in
figure 5.5(a), and the same for randomized source positions can bee seen in figure 5.5(b).
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(a) Significance distribution for scrambled data for (b) Significance distribution for randomized source
the Starburst-Galaxies positions

Figure 5.5: Significance distributions for scrambled data (left) and randomized source
positions (right)

5.3.3 The optimized parameters

As a result of the optimization process described above the optimal number of sources and
the optimal search bin were obtained. These numbers are shown in table 5.1. The complete
set of plots for the optimization process can be found in appendix B.1. All source classes
except the CSS/GPS sources had a dominating strongest source which was removed from
the analysis:

e Starburst-Galaxies had M 82 as the dominating source.
e FR-1 Galaxies were dominated by M 87.
e FR-II Galaxies were dominated by 3C123.0.

e Fermi LAT blazars had 0FGL J0238.6+1636 as dominating source.
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‘ Source class ‘ Sources ‘ Search bin ‘ Cat. Reference ‘
Starbursts 13 2.4° | [BBDKO09|
CSS/GPS 7 2.7° | [O’D9g|
FR-I 14 2.4° | [SMADS5|
FR-II 15 2.2° | [SMADS5|
Fermi LAT blazars 12 2.4° | |Abd09]

Fermi LAT FSRQs 11 2.6° | [Abd09]
Fermi LAT pulsars 4 2.9° | [Abd09]

Table 5.1: Results from the optimization process for seven years of AMANDA-II data.

e Fermi LAT FSRQs were dominated by the two strongest sources, 3C454.3 and
PKS 1502+4106.

e Fermi LAT pulsars were dominated by Geminga.

The lists of sources selected for the stacking analysis with AMANDA data can be found
in appendix C.1.

5.4 Analysis of IC-22 data

The analysis described above was used on a more recent data set from the 1C-22 detector.
Since IC-22 has an asymmetric shape compared to the cylindrical shape of AMANDA, the
analysis method had to undergo minor changes leading to different results.

5.4.1 Data

In this analysis a point source sample and according simulation files were used. The
final sample contains 5114 events after the point source cuts were applied. For detailed
information about the sample and the simulation files, see [AT09a]. The sample covers
275.7 days of detector lifetime. The point source analysis returned no signal for any of
the analyzed sources. In figure 5.6 the effective area for different declination regions is
displayed. It can be seen that IC-22 is sensitive above 100 GeV and the best acceptance
is achieved for events at low declination angles i.e. near the horizon. The curve for
declinations between 0° and 30° lies above all other curves. For higher declination angles
the effective area drops again at higher energies, for declination angles between 60° and
90° it reaches zero just below 100 PeV. At these high energies the neutrinos are interacting
with the rocks and the Earth gets opaque for neutrinos.

5.4.2 Changes compared to the AMANDA analysis

One thing that had to be altered in this analysis was the ranking of the sources. While
in the AMANDA analysis the sources were ranked according to their measured flux, the
asymmetry of IC-22 had to be taken into account. This asymmetry is reflected in the zenith
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Figure 5.6: The effective area versus the logarithm of the energy for different declination
regions [GAOS].

angle distribution of the events. In figure 5.7 there is a comparison of the AMANDA and
IC-22 zenith angle distributions for simulated data. It can clearly be seen that there is
an excess of events at the horizon (90°) for IC-22. This fact makes it necessary to also
consider the zenith angle of the sources when ranking them. It was decided to rank the
sources by a factor that takes this into account:

Nsia

BG

Stack.Param. = measured flux - (5.9)

with Ngig being the number of signal events and Ngg the number of background events
for each source evaluated from the simulated data. This parameter was obtained for each
source and then it was normalized to 1 for the strongest source. The optimization procedure
for the number of sources described above was then applied to the simulated IC-22 data
with the signal weighted with the stacking parameter.

Another difference to the analysis of the AMANDA data was the optimization process for
the search bin size. It turned out that the method used before delivered search bins that
were below IC-22’s angular resolution of 1.5° [AT09a] which is not reasonable. A reason
for these too small search bins could be statistical fluctuations. These fluctuations can be
minimized by increasing the number of iterations over the simulated data file. Since the
computing time increases linearly with the number of iterations it was unlikely to obtain
more reliable results in a reasonable amount of time. Thus a different method of finding
the optimal search bin size which is described in a work by Alexandreas et al. [A193] was
used. In this work the authors present a method how to calculate the optimal search bin
size out of the number of background events (Npg) contained in a search bin with the size
of the detector’s angular resolution.
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Figure 5.7: Comparison of the zenith angle distributions for simulated data between
AMANDA (red) and IC-22 (black).

The optimal search bin is given by
Fopt = (158 + 0.7 8N ) g (5.10)

Here, o is the angular resolution of the detector, for IC-22 this is ¢ = 1.5°.

5.4.3 Changes of the source selection

Due to the different ranking of the sources and the different properties of 1C-22 com-
pared to AMANDA the source selection changed. The zenith angle of the sources has a
stronger influence on the ranking of the sources in the optimization process using 1C-22
data. This led to slightly different source selections. The biggest change occurred for the
Starburst-Galaxies and the FSRQs. Neither of the samples has a dominating strongest
source in this analysis. See appendix C.2 for the source lists.

5.4.4 The optimized parameters for 1C-22

In the table below (table 5.2) the number of sources and the search bin sizes obtained
from the optimization process for IC-22 data are listed. It is notable that for most source
classes fewer sources are selected for stacking than in the AMANDA analysis. This could
be due to the fact that the sensitivity of IC-22 reaches its maximum at the horizon i.e.
near a declination of 0°. Thus sources at the near the horizon have stronger influence on
the source selection while sources far from the horizon are suppressed and do not increase
the sensitivity of the analysis.
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‘ Source class ‘ Sources ‘ Search bin ‘
Starbursts 8 2.5°
CSS/GPS 7 2.5°
FR-1 16 2.4°
FR-II 2 2.7°
Fermi LAT blazars 9 2.5°
Fermi LAT FSRQs 2 2.7°
Fermi LAT pulsars 3 2.6°

Table 5.2: Results from the optimization process for 1C-22.

5.5 Results

In tables 5.3 and 5.4 the results from the stacking analysis explained above with AMANDA
data and 1C-22 data are listed. Both analyses do not yield a significant signal and thus
flux limits for each source class for a neutrino flux oc £=2 were set. These flux limits are
median flux limits per source. The average upper limit (AUL) shown in the tables is a
cumulative AUL for each source class calculated according to Feldman&Cousins [FC98]
with a confidence level of 90%. This AUL was then converted into a flux limit ®q for a
flux proportional to E~2 according to

Emax -1
&y = AUL - (/ E~2. Ap(E) dE) ) (5.11)
BE

min

Here, A¢r(FE) is the effective area of the detector for the whole source class depending on
the energy of the incoming neutrino. The effective area is calculated using simulated data.
For simulated data the ratio of incident and detected particles is known, this ratio roughly
corresponds to the effective area. The energy range was Epin = 50 GeV to Ejpax = 108 GeV
for AMANDA and Enin = 100GeV to Epax = 108 GeV for 10-22. The flux limits are in
units of 1071 TeV~! em—2 571,

The observed under- and over-fluctuations are of statistical nature and comply with no
signal being present. The last two columns of table 5.3 show the results from the 5-year
analysis [AT07] and the 4-year analysis [Gro06] for source classes which were also analyzed
here. The limits improved significantly compared to the results obtained with the previous
AMANDA data sets, an exception is here the class of FR-I galaxies. This class shows an
almost negligible better limit for the 5-year analysis. This can be explained by an under
fluctuation (57 background events and 40 signal events) observed for the FR-I galaxies in
the 5-year analysis. This under fluctuation is also present in the 7-year analysis since the
5-year sample is a sub sample of the 7-year sample and thus the under fluctuation does
not disappear. However, this analysis did not increase the under fluctuation and so, the
limit is not improved significantly.

In the figures 5.8 and 5.9 the results of both analyses are visualized. The dashed line rep-
resents the average point source sensitivity for the northern hemisphere. The results of the
analysis with AMANDA data clearly show a gain of the stacking analysis in sensitivity com-
pared with the normal binned point source analysis. The flux limits for all source classes are
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| Source class | Nsic | Nsa | Significance [o] | AUL | Limit | Limit (5y) | Limit (4y) |
Starbursts 76 92 1.8 16 2.0 - -
CSS/GPS 49 51 0.2 13 1.5 7.4 7.1
FR-1I 68 58 —-14 16 1.8 1.7 2.5
FR-II 7 80 0.3 16 2.0 17.9 204
Fermi LAT blazars 62 56 -0.8 15 1.8 — —
Fermi LAT FSRQs 69 66 —-0.5 16 1.9 — —
Fermi LAT pulsars 33 47 2.2 11 1.9 — —

Table 5.3:

Results from the AMANDA analysis for an energy range of 50 GeV — 10® GeV.

Fluxes above the limits are excluded with 90% confidence level.

The last

two columns show the results for the 5-year and 4-year analysis for matching
source classes, the results from both analysis were calculated from integral

flux limits above 10 GeV into differential flux limits.

‘ Source class ‘ Nsi | Npa ‘ Significance o] ‘ AUL ‘ Limit ‘
Starbursts 35 34 —0.2 10 1.13
CSS/GPS 28 25 —0.7 7 0.82
FR-I 61 66 0.6 20 | 1.03
FR-II 10 13 0.7 4 1.43
Fermi LAT blazars 39 35 —0.6 16 1.47
Fermi LAT FSRQs 11 10 —0.4 8 2.53
Fermi LAT pulsars 15 21 1.3 9| 227

Table 5.4: Results from the IC-22 analysis for an energy range of 100 GeV — 10® GeV.
Fluxes above the limits are excluded with 90% confidence level.

2 571, However, the situation is

well below the average sensitivity of 2.5-1071" TeV~! em™
different for the IC-22 analysis. In this analysis two source classes, the FSRQs and pulsars,
lie above the average binned point source sensitivity of 2.0-10~" TeV~! cm =2 s~ [GAOS].
This is due to the properties of these two source classes. Both have very few sources to
stack, two FSRQs and three pulsars, which is due to the asymmetry of 1C-22. For such
small numbers the stacking method does not improve the results.
new point source search method, the unbinned maximum likelihood method, the stacking
analysis performed here gives improved results only for the Starburst-Galaxies, the FR-I
galaxies and the CSS/GPS sources. The unbinned method is more sensitive than a binned
search and is described in [AT(09al, it returns an average sensitivity for the northern sky of
1.3-107™ TeV~! em~2 57!, This method searches for a maximum of the log likelihood on a
search grid which is finer than the angular resolution of IC-22. The spots with a maximum
in the log likelihood are then compared to source locations. The results of the 1C-22 anal-
ysis performed in this thesis show that a binned stacking analysis gains sensitivity against
a binned point source search except for very small samples but does not gain much against
an unbinned point source search. An analysis method that combines the stacking method
with an unbinned search method is planned for the new data sets.

In comparison to a



62 5. A stacking analysis with AMANDA-II and I1C-22 data

[ Analysis results AMANDA II, 7years ]
4

Average limit per source

E2d®/dE [10 1 TeV cm? s

2 s s o s

sty I
s sy s s s s
S s et e
sty [ — GRS P— fecisciisniiig fecpecasnid
s s sy s s i it e
S s s st fesscaicuing et
fustecipeaisiiiig R GRS S fecisciisniiig feopaeasnig
i sl s s pr S e
S s s puissan fetiscicing et
fsthecpeaisiiiig R GRS S fecisciisnciig feopeeasnsig
s s e s s pr pi e
e —— s s pusais fessciciing et
fucthiscpeaisiiiig S T BRI sz fecscisnciig feopeuseasnisd
s s it e s S pr pi it
e T i g s pui fesscaicig et
fucsiscpeaisiiig fesussesnsnisig fasseiicaanod BRI SR fecisciisnsciiig feopascisnisig
i it e s S pr b it
e T it s g s pusisn fesiscniiig et
Justhiscpeiisiiig fesuscesnensey R sz fracisasisiic) fecisciisnissiisig feopaseaisnisid
i i ) s S pr pi it
e T i s g st pu fetsnicig et
Justiscpeisiiiig fesssesnsnisng fsseiicaicaid BRI S fecisciisiisiisig Jeopascasnisnig
i it ey i po S it
pussisitincin g it s st puisn fessciisnig e
Justiscpeisiiig fesssesasnisng fsseiiciiciond Juszcpeaisaiciid sz fecisciisisisig Jeoprscaisnisid
i i prna s S po S it
pussisitnin g it s st puninn fesscniinig e
Jrshiscpeisniiig fessceizasiisng fszeiicaiciand fusscpeaieciiciid s feciseiisaisiisig Jeoprscasiisig
1 it o i po i it
fististinining it s st pusnn fessniining et
Justisnpeisiiiig fessscisnsiisig fsseiiciicisnd Juszcpeaisciciid e fecisciisnisiisig Jeoprscisasig
i i o i po S it
| s it s st pusnnd fesscniining et
Justiscpeiisiiig fessscisnsnisig fuizeiiciicisnd fuszcpeiscicii sz feciscisnisisig Jeoprsciisnsig
i s B i o B
fustisiiinnng st i et
Justisnpeiisiiiig fuszcpeisaiicin i Jeoprscisaisig
0 8 | Gadaaaias dasoooosaaos i S i o s
e RS st i o)
. st foizipriesinia i e

FRI

n
Y

Blazars Pulsars

9]
2
g
Qa
»
7
(%)
0
(%]
m
%
Q
»

Figure 5.8: Results of the AMANDA stacking analysis. For comparison the dashed line
represents the average point source sensitivity for the northern hemisphere.
All source classes gain sensitivity from the stacking method.
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Figure 5.9: Results of the stacking analysis of IC-22 data. The dashed line represents the
average point source sensitivities from the binned IC-22 point source analysis.
The stacking method gains sensitivity for all but two source classes.
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Conclusions & outlook

Within the scope of this thesis a source catalog of 127 local (z < 0.03) Starburst-Galaxies
was presented and discussed in the context of neutrino astronomy. This source catalog
contains measurements at different radio frequencies between 1.4 GHz and 5.10 GHz, mea-
surements at the four FIR wavelengths measured by the IRAS satellite (12 um, 25 pum,
60 pum and 100 pm) and measurements at X-ray energies between 0.1keV and 8keV. For
each source the catalog contains the redshift and the luminosity distance calculated out
of the redshift using the cosmological parameters Qx = 0.73, Qntatter = 0.27 and h = 0.73
using the on-line NASA Extragalactic Database (NED). For sources with sufficient data
points in the radio a spectral index was fitted assuming a power law behavior at radio
wavelengths. Sources that have sufficient data in radio, X-ray and FIR spectral indices
between radio and FIR as well as between X-ray and FIR were fitted, to perform cross-
checks that the selected sources indeed are starbursts..

The catalog of Starburst-Galaxies together with catalogs of AGN classes, Blazars, Flat
Spectrum Radio Quasars, FR-I galaxies, FR-II galaxies, Compact Steep Spectrum / Gi-
gahertz Peaked Sources and a catalog of Pulsars was used to perform a source stacking
analysis with data of the AMANDA-II and IceCube neutrino detectors. Neither of the anal-
yses returned a significant excess above the background of atmospheric neutrinos. Flux
limits for each source class were set for a potential extraterrestrial neutrino flux follow-
ing an E~2 spectrum. The source stacking analysis showed an improvement in sensitivity
over binned point source analyses done before on the same data samples [AT09b, GA0S|.
Compared to an unbinned point search [AT09a] method, a gain in sensitivity exists for few
source classes.

As for every piece of scientific research the experiences of the research done yield improve-
ments for further investigations. Some ideas how to optimize the work of this thesis in the
future are given in the following.

In the future, the stacking approach will be combined with the unbinned analysis method
in order to improve sensitivities to point source classes even further. This method should
be developed and used on future analyses with IceCube. Another analysis method worth
developing is a time resolved source stacking method. This method would be sensitive to
transient events i.e. Gamma Ray Bursts (GRBs). Starburst-Galaxies have an enhanced
star formation rate and thus also an enhanced rate of GRBs. Restricting a time resolved
stacking analysis to the sample of Starburst-Galaxies and to events occurring in a time
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window that matches the duration of a GRB would lead almost no background in the anal-
ysis. With such an analysis method available the analysis would also be sensitive for GRBs
not detected in photons, so called choked GRBs. Choked GRBs are GRBs which happen
in dense matter which is abundant in Starburst-Galaxies. For further analyses the source
catalog of Starburst-Galaxies should be improved, the radio measurements presented in
the catalog do often not take into account that Starburst-Galaxies are extended sources in
radio astronomy. Thus wide angle measurements should be included if available. Further
more it has to be checked whether the assumption of a power law behavior at radio wave-
lengths is justified for each source.

Although the analysis performed in this thesis and any analysis done so far revealed no
extragalactic neutrino signal it is with IceCube being completed a question of time until a
signal is found or current theoretical models are ruled out due to an absence of a neutrino
signal. Either way, if a signal will be found or no signal will be found both would have a
large impact on the neutrino astronomy and astroparticle physics.



Appendix A

The source catalog of
Starburst-Galaxies

A.1 General data

Table A.1: Position and distance data of the sample. Values obtained from NED. Coordi-
nates epoch is .J2000.0.

| Name | RA [deg| | DEC [deg] | z | D, [Gpc] |
MRK545 2.47254 25.9238 0.01523 0.05962
NGC34 2.77729 —12.1073 0.019617 0.0771
MCG-02-01-051 4.71202 —10.3768 0.027103 0.109
NGC174 9.24558 —29.4778 0.011905 0.0451
NG(C232 10.6909 —23.5614 0.022172 0.0886
NGC253 11.888 —25.2882 0.0008 0.0031
1C1623 16.9466 —17.507 0.02007 0.07857
NGC520 21.1461 3.79242 0.00761 0.03022
NGC632 24.323 5.87764 0.010567 0.0396
NGC660 25.7598 13.6457 0.00283 0.01233
NGC828 32.5399 39.1904 0.01793 0.07073
NGC891 35.6392 42.3491 0.00176 0.00857
NGC958 37.6785 —2.939 0.01914 0.0765
NGC1055 40.4385 0.443167 0.00332 0.01131
Matffei2 40.4795 59.6041 | —5.7-107° 0.00332
NGC1068(MT77) 40.6696 | —0.0132806 0.00379 0.0137
UGC2238 41.5729 13.0957 0.021883 0.0883
NGC1097 41.5794 —30.2749 0.00424 0.0152
NGC1134 43.4222 13.0141 0.012142 0.0474
NGC1365 53.4015 —36.1404 0.00546 0.01793
1C342 56.7021 68.0961 0.0001 0.0046
UGC02982 63.0935 5.54739 0.017696 0.0724
NGC1530 65.8629 75.2956 0.00821 0.03622
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Table A.1: continued.

Name | RA [deg] | DEC [deg] | z | Dy [Gpc] |
NGC1569 67.7044 64.8479 |  —0.00035 0.0046
MRK617 68.4994 —8.57888 0.01594 0.06261
NGC1672 71.4271 —59.2473 0.00444 0.01682
MRK1088 73.6598 3.26797 0.01528 0.06051
NGC1808 76.9264 —37.5131 0.00332 0.01261
NGC1797 76.937 —8.01908 0.014814 0.0616
MRK1194 77.9423 5.20061 0.01491 0.05948
NGC2146 94.6571 78.357 0.00298 0.012
NGC2276 111.81 85.7546 0.00804 0.0328
NGC2403 114.214 65.6026 0.00044 0.00247
NGC2415 114.236 35.242 0.01262 0.05341
NGC2782 138.521 40.1137 0.00848 0.03951
NGC2785 138.814 40.9175 0.008746 0.0392
NGC2798 139.346 41.9997 0.00576 0.02784
NGC2903 143.042 21.5008 0.00186 0.00826
MRK708 145.548 4.67314 0.00682 0.03116
NGC3034(M82) 148.968 69.6797 0.00068 0.00363
NGC3079 150.491 55.6797 0.00375 0.01819
NGC3147 154.224 73.4007 0.00941 0.04141
NGC3256 156.964 —43.9038 0.00935 0.03535
MRK33 158.133 54.401 0.00477 0.0221
NGC3310 159.691 53.5034 0.00331 0.01981
NGC3367 161.646 13.7509 0.010142 0.0468
NGC3448 163.663 54.3052 0.0045 0.02406
NGC3504 165.797 27.9725 0.00512 0.02707
NGC3556(M108) 167.879 55.6741 0.00233 0.01385
NGC3627(M66) 170.063 12.9915 0.00243 0.01004
NGC3628 170.071 13.5895 0.00281 0.01004
NGC3683 171.883 56.8771 0.005724 0.0259
NGC3690 172.134 58.5622 0.01041 0.04774
MRK188 176.893 55.9672 0.00803 0.0355
NGC3893 177.159 48.7108 0.00323 0.0161
NGC3994 179.404 32.2776 0.010294 0.0466
NGC4030 180.099 —1.1 0.00487 0.0245
NGC4041 180.551 62.1373 0.00412 0.02278
NGC4102 181.596 52.7109 0.002823 0.0141
MRK 1466 182.046 2.87828 0.00443 0.01529
MRK759 182.656 16.0329 0.00723 0.0345
NGC4194 183.539 54.5268 0.00834 0.04033
NGC4214 183.913 36.3269 0.00097 0.00367
NGC4273 184.984 5.34331 0.007932 0.0376
NGC4303(M61) 185.479 4.47365 0.005224 0.0264
NGC4414 186.613 31.2235 0.00239 0.01768
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Table A.1: continued.

| Name | RA [deg] | DEC [deg] | z | D [Gpc] |
NGC4418 186.728 | —0.877556 |  0.007268 0.0349
NGC4527 188.535 2.65381 | 0.005791 0.0286
NGC4536 188.613 2.18789 |  0.006031 0.0297
NGC4631 190.533 32.5415 0.00202 | 0.00773
NGC4666 191.286 | —0.461885 |  0.005101 0.0257
NGC4793 193.67 28.9383 | 0.008286 0.038
NGC4826(M64) 194.182 21.6811 0.00136 0.0309
NGC4945 196.364 | —49.4682 0.00187 | 0.00392
NGC5005 197.734 37.0592 0.00316 | 0.01809
NGC5020 198.166 12.5998 | 0.011214 0.0507
NGC5055(M63) 198.956 42.0293 0.00168 | 0.00796
ARP193 200.147 34.1395 0.02335 0.101
NGC5104 200.346 0.342417 | 0.018606 0.082
NGC5135 201.434 | —29.8337 0.01372 |  0.05215
NGC5194(M51) 202.47 47.1952 0.00154 | 0.00873
NGC5218 203.043 62.7678 |  0.009783 0.0419
NGC5236(M83) 204.254 | —29.8657 0.00172 | 0.00363
NGC5256 204.573 48.2769 |  0.027863 0.119
NGC5257 204.968 0.839583 |  0.022676 0.099
NGC5253 204.983 | —31.6401 0.00136 |  0.00315
UGC8739 207.308 35.2574 | 0.016785 0.0728
MRK1365 208.63 15.0441 0.01846 0.0806
NGC5430 210.191 59.3283 | 0.009877 0.0423
NGC5427 210.859 |  —6.03081 |  0.008733 0.0399
NGC5678 218.023 57.9214 0.00641 | 0.03202
NGC5676 218.195 49.4579 | 0.007052 0.0308
NGC5713 220.048 | —0.289222 0.00658 | 0.02674
NGC5775 223.49 3.54446 0.00561 | 0.02634
NGC5900 228.772 42.2094 | 0.008376 0.0361
NGC5936 232.504 12.9893 | 0.013356 0.0575
ARP220 233.738 23.5032 0.01813 0.0799
NGC5962 234.132 16.6079 | 0.006528 0.0288
NGC5990 236.568 2.41547 | 0.012806 0.055
NGC6181 248.087 19.8266 |  0.007922 0.0334
NGC6217 248.163 78.1982 0.00454 | 0.02349
NGC6240 253.245 2.40094 0.02448 | 0.10336
NGC6286 254.631 58.9363 | 0.018349 0.0761
IRAS18293-3413 278.171 —34.191 0.01818 | 0.07776
NGC6701 280.802 60.6533 0.01323 | 0.05664
NGC6764 287.068 50.9332 | 0.008059 |  0.03131
NGC6946 308.718 60.1539 0.00016 |  0.00532
NGCT7130 327.081 | —34.9513 0.01615 | 0.06599
1C5179 334.038 |  —36.8437 0.01141 0.0467
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Table A.1: continued.

Name | RA [deg] | DEC [deg] | z | Dy [Gpc] |
NGCT7331 339.267 34.4156 0.00272 0.01471
NGC7469 345.815 8.874 0.01632 0.06523
NGC7479 346.236 12.3229 0.00794 0.03236
NGC7496 347.447 —43.4279 0.0055 0.02234
NGCT7541 348.683 4.53436 |  0.008969 0.032
1C5298 349.003 25.5567 | 0.027422 0.11
NGC7552 349.045 —42.5848 0.00536 0.02144
NGC7591 349.568 6.58581 |  0.016531 0.0636
NGC7592 349.592 —4.41694 |  0.024444 0.0972
MRK319 349.66 25.2329 | 0.027012 0.108
NGC7673 351.921 23.5889 0.01137 0.0422
NGC7678 352.116 22.4212 | 0.011639 0.0433
MRK534 352.194 3.51142 0.01714 0.0677
NGC7679 352.194 3.51142 | 0.017139 0.0662
NGCT7714 354.059 2.15516 0.00933 0.0386
NGCT7771 357.854 20.1118 0.01427 0.05711
NGC7793 359.458 —32.591 0.00076 0.0031
MRK332 359.856 20.7499 0.00802 0.0283
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A.2 Radio data



Table A.2: Radio measurements of the sample. All fluxes in [mJy].
References:
1: [RRA91], 2: [CCB02|, 3: [CCBD83|, 4: [JWET98], 5: [GWBE94|, 6: [JGDB96|, 7: [WGH'96], 8: [DCT78], 9: [GAO106],
10: |Sra75], 11: [BBBT04], 12: |[RSTTO7|, 13: [GWBE95|, 15: [VTWO04|, 16: [AR90], 17: [KWPN81|, 18: [WGBE94],
19: [RR92], 20: [RRDY5], 21: [SHCT04], 22: [NFW05], 24: [DW77], 25: [LBSBO05]|, 26: [Con83], 27: [IYHO05], 28: [ST76]

| Name | S1.40GHz | S2.38GHz | S2.60GHz | S2.70GHz | SasscHz | Ss.00GHz | Ss.016Hz | References |
MRK545 73.5 47 — — 33 36 — 1,2,8,14
NGC34 67.5 — — — — — — 4
MCG-02-01-051 43.2 — — — — — — 4
NGC174 45.7 — — — — — — 4
NGC232 60.6 — — — 56 — — 4
NGC253 6000 — — 3520 2433 — 2580 5,16,17
1C1623 249.2 — — — 96 — — 4,5
NGC520 176 110 — — 87 — — 1,2,8
NGC632 23 15 — — — — — 2,8
NGC660 373 255 — — 187 — — 1,4,8
NGC828 108 — — — 47 — — 6
NGC891 701 — — — 342 — — 2
NGC958 71.9 — — — — — — 4
NGC1055 200.9 129 — 150 63 — — 1,4,8,16
Maffei2 1015 — — — 375 — — 1,19
NGC1068(M77) 4850 - — 3050 2039 1890 1342.4 | 2,9,13,14,17
UGC2238 72.2 — — — — — — 1,2
NGC1097 415 — — 250 126 — 150 6,7,16
NGC1134 89.1 Y — — 32 — — 1,2,8
NGC1365 530 — — 350 230 180 — 4,7,16
1C342 2250 — — — 277 — — 1,6
UGC02982 91.3 — — — — — — 2
NGC1530 80.7 — — — 27 — — 1,6
NGC1569 396 — — — 198 — 155 1,10,19
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Table A.2: continued.

Name | S1.40GHz | S2.38GHz | S2.69GHz | S2.70GHz | Sa.85GHz | Ss.00GHz | Ss.01GHz | References |
MRK®617 138 — — — 63 — — 4,13
NGC1672 450 — — 210 114 — 100 16,18
MRK1088 45.7 31 — — — — — 2,8
NGC1808 497 — — 350 229 — 220 6,16, 18
NGC1797 29.1 — — — — — — 4
MRK1194 42.2 27 — — — — - 2,8
NGC2146 1087 — — — — — - 6
NGC2276 283 — — — — - - 6
NGC2403 387 — — — 169 — — 19
NGC2415 66.4 53 — — 41 — 30 1,2,8,10
NGC2782 107.5 — — — 47 — 60 1,10,20
NGC2785 67.6 — — — — — — 2
NGC2798 82.0 — — — 37 — 53 1,2,10
NGC2903 444 200 — — 118 — — 1,2,8,13
MRKT708 32.6 21 — — — — — 2,8
NGC3034(M82) 7286.8 — 5650 — 3918 — 3912 1,17,20
NGC3079 820.7 — — — 321 — — 1,21
NGC3147 89.9 — — — 44 — 8.1 1,2,23
NGC3256 642 — — — 319 240 250 5,6,14,16
MRK33 24.6 — — — — — — 11
NGC3310 417 — — — 152 — — 1,19
NGC3367 118 71 — 130 36 — 351 1,2,8,10,16
NG(C3448 51.3 — — — — — 39 1,10
NGC3504 274 — — — 117 — — 1,2,8
NGC3556(M108) 245 - - - 76 - - 1,19
NGC3627(M66) 458 209 — — 141 — — 1,2,8
NGC3628 470.2 313 — — 276 200 224 | 1,8,10,14,21
NGC3683 127 — — — — — — 2
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Table A.2: continued.

Name | S1.40GHz | S2.38GHz | S2.69GHz | S2.70GHz | Sa.s5GHz | S5.00GHz | Ss.01GHz | References |
NGC3690 658 — — — — — 362 10,23
MRK188 30.7 — — - — — 25.0 2,10
NGC3893 139 — — — 39 — — 1,2
NGC3994 70.8 50 — - 52 — — 1,2,8
NGC4030 147 — — 90 — 56 — 14,16, 19
NGC4041 103 — — — 48 — — 1,2
NGC4102 273 — — — 70 — 105 1,10
MRK1466 20.0 15 — — — — — 2,8
MRKT759 31.9 16 — — 13 — — 2,8,15
NGC4194 122 — — — 39 — — 1,19
NGC4214 38.3 — — — 30 — — 2
NGC4273 78.5 65 — — 37 — — 2,8,15
NGC4303(M61) 444 195 — — 102 120 — 2,8,14,15
NGC4414 227 138 — — 75 — — 1,8,19
NGC4418 38.5 — — — — — — 23
NGC4527 187.9 129 — — 72 — — 2,8,15
NGC4536 204.9 136 — — 114 110 — 2,8,13
NGC4631 1122 340 — — 438 — — 1,8,19
NGC4666 434 — — — 161 — — 2,13
NGC4793 113 72 — — 46 — — 1,2,8
NG C4826(M64) 103 67 - - 54 - - 1,2,8
NGC4945 6600 — — 5000 3055 — 2840 16,18
NGC5005 194 — — — 62 — — 1,19
NGC5020 30.1 22 — — — — — 2,8
NGC5055(M63) 349 - - - 124 - - 1,2
ARP193 104 — — — 53 — — 1,2
NGC5104 39.9 38 — — — — — 2,8
NGC5135 194 — — — 107 — — 6,7
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Table A.2: continued.

Name | S1.40GHz | S2.38GHz | S2.69GHz | S2.70GHz | Sa.85GHz | Ss.00GHz | Ss.01GHz | References |
NGC5194(M51) 1310 — — — 436 — 360 1,10,19
NGC5218 30.4 — — — — — — 2
NGC5236(M83) 2445 — — — 648 — — 6,7,16
NGC5256 159 — — — 47 — — 1,19
NGC5257 48.7 48 — — — — — 2,8
NGC5H253 83.8 — — — 90 75 — 6,7,14
UGC8739 93.6 — — — 37 — — 1,2
MRK1365 23.0 14 — — — — — 2,8
NGC5430 65.9 — — — 29 — 40 1,2,10
NGCbh427 63 — — — — — — 26
NGC5678 110 — — — 68 — — 2
NGC5676 116 — — — 38 — 33 2
NGC5713 222 — — — 93 73 — 1,2,14
NGC5H775 221 138 — — 67 — — 1,8,19
NGC5900 60.4 — — — — 17 — 2,10
NGC5936 139 81 — — 48 — 99 1,2,8,10
ARP220 324 — 260 — 208 — — 1,2,3
NGC5962 82.3 51§ — — 36 — — 1,2,8
NGC5990 63.9 39 — — — — — 2,8
NGC6181 95.6 60 — — 96 — — 1,2,8
NGC6217 79.9 — — — — — — 2
NGC6240 653 — — — 179 — 170 13,16,19
NGC6286 157 — — — 53 — — 1,2
TRAS18293-3413 223 — — — 144 — — 6,7
NGC6701 92.2 — — — 22 — — 1,6
NGC6764 115.0 — - — 34 — 47 1,2,10
NGC6946 1395 — — — 531 — — 1,19
NGCT7130 183 — — — — — — 6
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Table A.2: continued.

Name | S1.40GHz | S2.38GHz | S2.69GHz | S2.70GHz | Sa.s5GHz | S5.00GHz | Ss.01GHz | References |
IC5179 165 — — — 79 — — 6,7
NGC7331 373 187 — — 80 — — 1,2,8
NGC7469 255 132 — — 95 — — 8,13,19
NGC7479 107 58 — - 41 — — 1,2,8
NGC7496 36.3 — — — — — — 6
NGCT7541 162 101 — — 56 — — 1,2,8
I1C5298 24.2 — — — — — — 23
NGC7552 276 — — — 139 — — 6,18
NGC7591 92.1 39 — — — — — 2,8
NGC7592 75 — — — — — — 27
MRK319 31.6 21 — — — — — 2,8
NGC7673 43.4 30 — — — — — 2,8
NGC7678 49.5 36 — — — — — 2,8
MRKb534 55.8 33 — — 45 — — 2,8,13
NGC7679 55.8 33 — — 45 — — 2,8,13
NGC7714 65.8 — — — 39 — — 1,2
NGC7771 229 97 — — 57 — — 1,8,19
NGC7793 103 — — — — — — 6
MRK332 36.5 27 — — — — — 2,8
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A.3. Far Infrared data
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A.3 Far Infrared data

Table A.3: IRAS measurements of the sample. All fluxes in [Jy].

References:
1: [SMKT03], 2: [MG190], 3: [LVST07], 4: [SSM04], 5: [Kna94]|, 6: [BNH"8§|,
7: [SBNS89]

‘ Name ‘ Slme ‘ SZS,um ‘ SGOMm ‘ SlOO,u,m ‘ References ‘
MRKb545 0.523 1.082 9.196 15.34 2
NGC34 0.35 2.39 17.05 16.86 1
MCG-02-01-051 0.24 1.19 7.35 10.22 4
NGC174 0.41 1.27 11.36 19.77 1
NGC232 0.36 1.28 10.05 17.14 1
NGC253 41.04 | 154.67 967.81 | 1288.15 1
1C1623 1.03 3.65 22.93 31.55 1
NGC520 0.9 3.22 31.52 47.37 2
NGC632 0.37 0.88 4.89 7.32 9
NGC660 3.05 7.3 65.52 114.74 1
NGC828 0.72 1.07 11.46 25.33 1
NGC891 9.27 7 66.46 172.23 1
NGC958 0.62 0.94 5.85 15.08 1
NGC1055 2.24 2.84 23.37 65.26 1
Maffei2 3.624 9.238 135 225 6
NGC1068(MT77) 39.84 87.57 196.37 257.37 1
UGC2238 0.36 0.65 8.17 15.67 1
NGC1097 2.96 7.3 53.35 104.79 1
NGC1134 0.55 0.92 9.09 19.43 1
NGC1365 5.12 14.28 64.31 165.67 1
1C342 14.92 34.48 180.8 391.66 1
UGC02982 0.57 0.83 8.39 16.82 1
NGC1530 0.72 1.23 9.88 25.88 1
NGC1569 1.24 9.03 54.36 55.29 1
MRK617 0.441 7.286 32.31 32.69 1
NGC1672 2.47 5.25 41.21 77.92 1
MRK1088 0.2659 0.835 6.605 10.77 1
NGC1808 5.4 17 105.55 141.76 1
NGC1797 0.33 1.35 9.56 12.76 1
MRK1194 0.283 | 0.7071 6.688 11.5 2
NGC2146 6.83 18.81 146.69 194.05 1
NGC2276 1.07 1.63 14.29 28.97 1
NGC2403 2.82 3.57 41.47 99.13 1
NGC2415 0.61 1.19 8.75 13.58 1
NGC2782 0.64 1.51 9.17 13.76 1
NGC2785 0.49 1.09 8.4 15.79 1
NG(C2798 0.76 3.21 20.6 29.69 2
NGC2903 5.29 8.64 60.54 130.43 1
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Table A.3: continued.

Name ‘ 812 m ‘ 825 pm ‘ Sﬁo pm ‘ SIOO um ‘ References
MRK708 0.46 0.8 5.36 8.24 1
NGC3034(M82) 79.43 | 332.63 | 1480.42 | 1373.69 1
NGC3079 2.54 3.61 50.67 | 104.69 1
NG(C3147 1.95 1.03 8.17 29.61 1
NGC3256 3.57 15.69 | 102.63 114.31 1
MRK33 0.21 1.05 4.77 5.99 5
NGC3310 1.54 5.32 34.56 44.19 1
NGC3367 0.51 1.98 6.44 13.48 1
NG(C3448 0.22 0.64 6.64 11.17 1
NGC3504 1.11 4.03 21.43 34.05 1
NGC3556(M108) 2.29 4.19 32.55 76.9 1
NGC3627(M66) 4.82 8.55 66.31 136.56 1
NGC3628 3.13 4.85 54.8 105.76 1
NGC3683 1.16 1.48 13.87 29.3 1
NGC3690 3.97 24.51 | 113.05 111.42 2
MRK188 0.3621 | 0.4515 4.576 11.52 2
NGC3893 1.45 1.65 15.57 36.8 1
NGC3994 0.32 0.46 4.98 10.31 4
NGC4030 1.35 2.3 18.49 50.92 1
NGC4041 1.13 1.56 14.15 31.74 2
NGC4102 1.77 6.83 46.85 70.29 1
MRK1466 0.325 1.236 6.265 10.52 2
MRK759 0.2995 0.537 4.116 8.727 2
NGC4194 0.99 4.51 23.2 25.16 1
NGC4214 0.58 2.46 17.57 29.08 2
NGC4273 0.77 1.65 9.38 21.76 1
NGC4303(M61) 3.28 4.9 37.27 78.74 1
NGC4414 2.78 3.61 29.55 70.69 1
NGC4418 0.99 9.67 43.89 31.97 1
NGC4527 2.65 3.55 314 65.68 1
NGC4536 1.55 4.04 30.26 44.51 1
NGC4631 5.16 8.97 85.4 | 160.08 1
NGC4666 3.34 3.89 37.11 85.95 1
NGC4793 1.08 1.57 12.42 28.11 1
NGC4826(M64) 2.36 2.86 36.7 81.65 1
NGC4945 27.47 42.34 | 625.46 1329.7 1
NGC5005 1.65 2.26 22.18 63.4 1
NGC5020 0.36 0.72 5.58 11.7 1
NGC5055(M63) 5.35 6.36 40 139.82 1
ARP193 0.25 1.42 17.04 24.38 1
NGC5104 0.39 0.74 6.78 13.37 1
NGC5135 0.63 2.38 16.86 30.97 1
NGC5194(M51) 7.21 9.56 97.42 221.21 1
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Table A.3: continued.

‘ Name ‘ SIZ m ‘ 825 pm ‘ SGO pm ‘ SIOO pm ‘ References
NGC5218 0.37 0.94 7.01 13.54 1
NGC5236(M83) 21.46 43.57 | 265.84 | 524.09 1
NGC5256 0.32 1.07 7.25 10.11 1
NGChHh257 0.52 1.18 8.1 13.63 4
NGC5253 2.612 12.07 29.84 30.08 2
UGC8739 0.35 0.42 5.79 15.89 1
MRK1365 0.1562 | 0.6445 4.203 6.113 2
NGC5430 0.5 1.94 10.1 20.34 1
NGCbHh427 1.29 1.48 10.24 25.29 1
NGC5678 0.94 1.2 9.67 25.66 1
NGChH676 1.13 1.7 12.04 29.91 1
NGC5713 1.47 2.84 22.1 37.28 1
NGC5775 1.83 247 23.59 55.64 1
NGC5900 0.4 0.7 7.51 16.95 1
NGChH936 0.48 1.47 8.73 17.66 1
ARP220 0.61 8 | 104.09 115.29 1
NGChH962 0.73 1.04 8.93 21.82 1
NGC5H990 0.6 1.6 9.59 17.14 1
NGC6181 0.63 1.41 8.94 20.83 1
NGC6217 0.74 2.03 11.35 20.62 1
NGC6240 0.59 3.55 22.94 26.49 1
NGC6286 0.47 0.62 9.24 23.11 1
IRAS18293-3413 1.14 3.98 35.71 53.38 1
NGC6701 0.55 1.32 10.05 20.05 1
NGC6764 0.54 1.33 6.62 12.44 1
NGC6946 12.11 20.7 | 129.78 | 290.69 1
NGC7130 0.58 2.16 16.71 25.89 1
1C5179 1.18 24 19.39 37.29 1
NG(C7331 3.94 5.92 45 110.16 1
NGC7469 1.59 5.96 27.33 35.16 1
NGC7479 1.37 3.86 14.93 26.73 1
NGC7496 0.58 1.93 10.14 16.57 1
NGC7541 1.52 2.09 20.08 41.87 1
1C5298 0.34 1.95 9.06 11.99 1
NGC7552 3.76 11.92 77.37 102.92 1
NGC7591 0.28 1.27 7.87 14.87 1
NGC7592 0.26 0.97 8.05 10.58 1
MRK319 0.2211 | 0.5418 4.266 7.062 2
NGC7673 0.1329 | 0.5165 4.98 6.893 1,2
NGC7678 0.63 1.16 6.98 14.84 1
MRK534 0.5 1.12 7.4 10.71 1
NGC7679 0.5 1.12 7.58 10.71 1
NGC7714 0.47 2.88 11.16 12.26 1




Appendix A. The source catalog of Starburst-Galaxies

Table A.3: continued.

‘ Name ‘ 812 m ‘ 825 pm ‘ Sﬁo pm ‘ SIOO um ‘ References
NGC7771 0.99 2.17 19.67 40.12 1
NGC7793 1.32 1.67 18.14 54.07 1
MRK332 0.3598 | 0.6212 4.871 9.493 2
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Table A.4: X-Ray measurements of the sample. All fluxes in [nJy].

References:

1: [RLR96|, 2: [FKT92|, 3: [WGA00|, 4: [TTW™05], 5: [BSB94|, 6: [OWBO05|, 7: [TPR*06], 8: [TWVT05], 9: [ST07],

10: [GMPO5]|
Name EO IPC | EINSTEIN Chandra ROSAT ROSAT | Chandra XMM | References

0.1-4keV | 0.2-4.0keV | 0.1-2.4keV | 0.2-2.0keV | 0.1-2.4keV | 0.3-8keV | 0.3-2keV

NGC34 — — — — — — 23 9
NGC520 - - - 33.4 - - - 3
NGC660 - - - 45.1 - - - 3
NGC891 - - - - - - 69.4 7
NGC1068(M77) - 3940 - — 10900 - - 2,5
NGC1097 - 578 - - - - - 2
NGC1365 - 326 - - - - - 2
10342 - 939 - - - - - 2
NGC1569 - 368 - - - - - 2
MRK617 — 124 — — — — — 2
MRK1088 - - - 42.3 - - - 8
NGC1808 — — - - 446 - - 5
NGC2403 - 364 - - - - - 2
NGC2415 - - - 63.8 - - - 3
NGC2903 - 273 - 46.4 - - - 2,3
NGC3034(M82) — 4490 - - - - - 2
NGC3079 - 113 - - - - - 2
NGC3256 - - - - 1060 - - 5
NGC3310 - 208 - - - - - 2
NGC3367 102 - - - - - - 1
NGC3448 - 72.6 - - - - - 2
NGC3504 - 76.8 - - - - - 2
NGC3627(M66) — - - - 603 — - 5
NGC3690 - 91.5 - - - - - 2
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Table A.4: continued.

Name EO IPC | EINSTEIN | Chandra ROSAT ROSAT | Chandra XMM | References
0.1-4keV | 0.2-4.0keV | 0.1-2.4keV | 0.2-2.0keV | 0.1-2.4keV | 0.3-8keV | 0.3-2keV
NGC4102 — — — - - - 451 9
NGC4214 - - - - - 75.6 - 6
NGC4273 - - - 67.1 - - - 3
NGC4303(M61) - 180 - - 233 - - 2,5
NGC4536 - 112 - - - - - 2
NGC4631 - 263 - - - - - 2
NGC4826(M64) - 150 - 53.3 - - - 3
NGC4945 - - - - 794 - - 5
NGC5135 - 63.9 - 176 - - - 3
NGC5236(M83) - 972 - - 954 - - 2,5
NGC5256 - - - - - - 9.93 10
NGC5253 - 41.4 - 385 - 35.8 - 2,3,6
NGC5775 - - - - - - 15.8 7
ARP220 45.69 - - - - - - 1
NGC6240 - - - - 914 - - 5
NGC6946 - 611 - - - - - 2
NGC7331 - 16.8 - 76.7 - - - 2,3
NGC7469 - 12000 - - - - - 2
NGC7552 - 167 - - - - - 2
MRK534 - 204 - - - - - 3
NGCT679 - 204 - - - - - 2
NGC7714 - 53.8 - - - - - 2
NGC7771 - 138 - - - - - 2
NGC7793 - 130 - - - - - 2
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Appendix B

Supplementary plots

B.1 Optimization plots of the AMANDA analysis

In the following the plots optained during the optimization process are shown: Relative
strength of the sources  significance versus number of sources, Significance versus search
bin size and significance distribution for scrambled datasets.

Starburst-Galaxies

| Relative strength Starburst-Galxies at 60 micron
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Figure B.1: The relative strength of the sample of Starburst-Galaxies at a wavelength of

60 um. The sources are ordered according to their flux, the strongest source,
MS82, has the value 1.

The figures B.2 and B.3 show the optimization of the number of sources. Figure B.2 shows
that the sample is dominated by the strongest source in the sample (M82). Therefore, for
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the further analysis, this source was skipped resulting in figure B.3. The optimal number
of sources to stack is 13. Figure B.4 shows the next step of the optimization. The

’ Starburst Galaxies, 3 ° search bin, 7 years |
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Figure B.2: Median significance of the sample of Starburst-Galaxies in dependence of the
number of sources for 1,2,3 or 4 signal neutrinos from the strongest source.
The significance is monotonously decreasing, the sample is dominated by the
strongest source.
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Figure B.3: The same figure as figure B.2 but without the strongest source. The significance
reaches a maximum at 13 sources.

curves show the median significance of the sample in dependence of the search bin size
for 13 sources stacked. A maximum is reached for a search bin size of 2.4°. After fixing
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Figure B.4: Median significance for different search bins. The optimal search bin size is
2.4°.

the stacking parameters the sample was analyzed using scrambled data. As expected the
significance of the 1000 analyzed data sets follows a Gaussian distribution centered around

0.

l Scrambled Data, Starburst-Galaxies w.o. M82, 7 years

0 250
‘E L
3 I
O 200
150
100—
50—
C 1
Oixxxwlx \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ lAAAA
5 4 3 -2 -1 0 1 2 3 4 5

Significance

Figure B.5: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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CSS/GPS sources

These compact sources were stacked according to their radio flux measured at 1.4 GHz.
Radio emissions at this frequency is synchrotron radiation of primary electrons. This serves
as a proof that charged particles are accelerated in the source. Thus it is likely that also
protons are accelerated. Since this source class contains compact sources these accelerated
protons can undergo proton proton interactions in which neutrinos are produced. The
relative strength of the sources is shown in figure B.6. The figures B.7, B.8 and B.9 show
the optimization process resulting in 7 sources to stack with a search bin of 2.7°.
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Figure B.6: The relative strength of the CSS/GPS sources at 1.4 GHz. The sources are
ordered according to their flux, the strongest source has the value 1.



B.1. Optimization plots of the AMANDA analysis

CSS/GPS Sources, 3 ° search bin, 7 years

2.5 T T T s
v s1=1

A S1=2

2 x S1=3
+ S1=4

Median Significance
|_\
a

\\\\g\\\\g\\\\g\\\\g\\\\
\\\\i\\\\i\\\\i\\\\i\\\\

R I A
- e
1 . A ST
3 e K R K K5 e e
e K K s Ko Ko
Borsp ooy
X oA A A A AL A A A AT A A A
0.5 B
w..w----"-"-v--"‘""'""'"-'V----V---'v----v--nv---w-u-v----v----v----w----v----v-uiv----v----v--nv-uv
o
Il ‘ Il Il ‘ Il Il ‘ Il ‘ Il I Il
% 5 10 15 20 25
N sources

Figure B.7: Median significance of the sample of CSS/GPS sources in dependence of the
number of sources. Maximum is reached for 7 sources.
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Figure B.8: Search bin variation for CSS/GPS sources. The optimal search bin is 2.4°.
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| Scrambled Data, CSS/GPS sources, 7 years ]
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Figure B.9: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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FR-1 and FR-1l galaxies

These sources were reanalyzed and the samples were taken from [SMADS85| and stacked
with the radio flux at 178 MHz. Both samples were dominated by the strongest sources,
M 87 and 3C123 respectively. The optimization process yields 14 sources to stack with a
search bin of 2.4° for the FR-I galaxies and 15 sources and 2.2° for the FR-II galaxies.
The relative strengths in the samples are in figure B.10 and B.11. Figures B.12, B.13, B.14
and B.15 show the optimization of the number of sources, the size of the search bin and
the results for scrambled data for the FR-I galaxies. The according plots for the FR-II
galaxies are in the figures B.16, B.17, B.18 and B.19.
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Figure B.10: The relative strength of the FR-I galaxies at 178 MHz.
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Figure B.11: The relative strength of the FR-II at 178 MHz.
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Figure B.12: Median significance of the sample of FR-I sources in dependence of the number
of sources. The sample is dominated by M87.
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Figure B.13: Median significance of the sample of FR-I sources without M87 in dependence
of the number of sources. The optimal number of sources is 14.
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Binsize variation FRI galaxies w.o. M87, E? spektrum, 7 years
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Figure B.14: Search bin variation for FR-I sources. The optimal search bin is 2.4°.
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Figure B.15: Analysis of the sample with 1000 scrambled data sets. The significance follows
a Gaussian distribution with a mean of 0.



B.1. Optimization plots of the AMANDA analysis

93

FRII Galaxies, 3 ° search bin, 7 years
3"_ AAAAA \\\‘\\\‘\\\‘\\\\\\\\\\\\\\\I\\

3 4 s1=2 s

2.9+ 514

2

15

Median Significance

1

0.5

\\\\i\\\\;\\\\i\\\\;\\\\i\\\\;\\\\‘

HH;HH;HH;HH;H
+

BRI TYTTR PYTTR ATIITE JCTNTT JYTTL JTTTD ITTTR CITPR OOYPRT ATTIT ATTIY TTITR JIYTR SATIN

\\\‘\\\‘\\\‘\
Y2 "4 6

[T ZTTYE POT TR 4
L L1 L1

16 18 20
N sources

Figure B.16: Median significance of the sample of FR-II sources in dependence of the num-
ber of sources. This sample is dominated by 3C123.
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Figure B.17: The same plot without 3C123 in dependence of the number of sources, 15
sources should be stacked.
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Binsize variation FRIl galaxies w.o. 3C123, E? spektrum, 7 years
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Figure B.18: The search bin variation for FR-II sources yields an optimal search of 2.4°.
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Figure B.19: The mean of the significance of the analysis of scrambled data sets is 0.
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Blazars

The blazar sample was stacked with the flux measured by Fermi LAT in an energy range
from 1 — 100 GeV. This sample was dominated by O0FGL J0238.64+1636. For this source
Fermi LAT does not name a correlation to a previous detected source and has marked this
source as variable. The optimization results in a stacking of 12 sources with a search bin
of 2.4°. Relative strength can be seen in figure B.20.
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Figure B.20: The relative strength of the Fermi LAT blazars between 1 GeV and 100 GeV.
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Figure B.21: The sample is dominated by the strongest source, the significance is always
decreasing.
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Fermi LAT Blazars wo. OFGL J0238.6+1636, 3 ° search bin, 7 years
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Figure B.22: The Fermi LAT blazar sample without the strongest source, 12 sources are

optimal for stacking.
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Figure B.23: The search bin variation for Fermi LAT blazars yields an optimal search of
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l Scrambled Data, Fermi LAT pulsars w.0. Geminga pulsar, 7 years
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Figure B.24: The mean of the significance of the analysis of scrambled data sets is 0.
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Flat spectrum radio quasars

The sample for this source class was also taken from the Fermi LAT bright sources list
[Abd09]. Like the blazars it was stacked with the flux between 1GeV and 100 GeV. This
sample was dominated by the two strongest sources, 3C454.3 and PKS 1502+106. An
optimization was possible after skipping these two sources and it returns a number of
sources of 11 sources and a search bin of 2.6°.
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Figure B.25: The relative strength of the Fermi LAT FSRQs between 1 GeV and 100 GeV.
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Figure B.26: The sample is dominated by the strongest source, the significance is always
decreasing.
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Fermi LAT FSRQs w.0. PKS1502+106, 3 ° search bin, 7 years
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Figure B.27: The Fermi LAT blazar sample without PKS1502-+106, 12 sources are optimal
for stacking.
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Figure B.28: The search bin variation for Fermi LAT FSRQs yields an optimal search of
2.6°.
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l Scrambled Data, FERMI Lat FSRQs w.o. PKS1502+106, 7 years
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Figure B.29: For the FSRQs the analysis of scrambled data sets delivers a mean significance
of 0.
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Fermi LAT pulsars

Also classified and measured by Fermi LAT the pulsars were stacked with the same flux
like the blazars and FSRQs measured by Fermi LAT. This sample was dominated by the
Geminga pulsar which was therefore removed from the sample in order to optimize. The
optimal parameters for this sample are a stacking with 4 sources and a search bin with
2.9° angular diameter. See the following figures for details.
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Figure B.30: The relative strength of the Fermi LAT pulsars between 1 GeV and 100 GeV.
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Figure B.31: The sample is dominated by the Geminga pulsar.
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Fermi LAT Pulsars wo. Geminga Pulsar, 3 ° search bin, 7 years
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Figure B.32: The Fermi LAT pulsar sample without Geminga, 4 sources are optimal for
stacking.
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Figure B.33: The search bin variation for Fermi LAT pulsars yields an optimal search of
2.9°.
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l Scrambled Data, Fermi LAT Pulsars w.0.Geminga, 7 years
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Figure B.34: The analyzed pulsars with scrambled data sets shows a mean significance of
0.
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Randomized sources

The analysis method has also been tested with 1000 source catalogs with sources with
randomized RA and DEC. A search bin of 2.4° has been used and 15 sources were stacked.
This are the parameters obtained for the Starburst-Galaxies. The distribution of median
significance of the stacked signal of the catalogs can be seen in figure B.35. As expected
for randomized sources this distribution is Gaussian with a mean of 0 like in the analysis
with the scrambled data sets. Similar analysis for other parameters give the same result.
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Figure B.35: Significance distribution in an analysis with 1000 randomized source catalogs.



B.2. Optimization plots of the IC-22 analysis 105

B.2 Optimization plots of the IC-22 analysis

Starburst-Galaxies

’ Starburst Galaxies, 1.5 ° search bin, IC22
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Figure B.36: Median significance of the sample of Starburst-Galaxies in dependence of the

number of sources for 1,2,3 or 4 signal neutrinos from the strongest source.
The optimal number of sources was determined to be 8 sources.
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Figure B.37: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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CSS/GPS sources

’ CSS/GPS Sources, 1.5 ° search bin, IC22
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Figure B.38: Median significance for the CSS/GPS sources inn dependence of the number
of sources for 1,2,3 or 4 signal neutrinos from the strongest source. The
optimal number of sources was determined to be 7 sources.
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Figure B.39: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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FR-1 galaxies
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Figure B.40: Median significance of the sample of FR-I galaxies in dependence of the num-
ber of sources for 1,2, 3 or 4 signal neutrinos from the strongest source. The
sample is dominated by MS8T.
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Figure B.41: Median significance of the sample of FR-I galaxies in dependence of the num-
ber of sources for 1, 2, 3 or 4 signal neutrinos from the strongest source, leaving
out the dominating source. The optimal number of sources is 16.
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| Scrambled Data, FRI gaalxies w.0. M87, IC22 |
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Figure B.42: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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Figure B.43: Median significance of the sample of FR-II galaxies in dependence of the
number of sources for 1,2,3 or 4 signal neutrinos from the strongest source.
The optimal number of sources was found to be 2 sources.
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Figure B.44: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.

Fermi LAT blazars
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Figure B.45: Median significance of the sample of blazars in dependence of the number of
sources for 1,2, 3 or 4 signal neutrinos from the strongest source. The sample
is dominated by OFGL J0238.6+1636.
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Fermi LAT Blazars w.o. OFGL J0238.6+1636, 1.5 ° search bin, IC22
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Figure B.46: Median significance of the sample of blazars in dependence of the number of
sources for 1,2, 3 or 4 signal neutrinos from the strongest source, leaving out
the dominating source. The optimal number of sources is 9.
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Figure B.47: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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Fermi LAT FSRQs

’ Fermi LAT FSRQs, 1.5 ° search bin, IC22
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Figure B.48: Median significance of the sample of FSRQs in dependence of the number of
sources for 1,2, 3 or 4 signal neutrinos from the strongest source. The optimal
number of sources is 2 sources.
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Figure B.49: Distribution of the median significance for 1000 scrambled data sets. It follows
a Gaussian distribution with a mean of 0.
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Figure B.50: Median significance of the sample of pulsars in dependence of the number of
sources for 1,2, 3 or 4 signal neutrinos from the strongest source. The sample
is dominated by the Geminga pulsar (0FGL J0634.0+1745).
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Figure B.51: Median significance of the sample of pulsars in dependence of the number of
sources for 1,2,3 or 4 signal neutrinos from the strongest source, leaving out
the dominating source. The optimal number of sources is 3.
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a Gaussian distribution with a mean of 0.






Appendix C

Source lists

In this appendix there are the lists of sources stacked in both analyzes, RA and DEC
are in degress and use the epoch J2000.0. The positions were aquired from the NASA
extragalactic database (NED), the source catalogs for the FR-T and FR-II galaxies as well
as the CSS/GPS sources are from [Gro06| and references therin. The complete source
catalog of Starburst-Galaxies was discussed in 3.1 and can be found in A. The source
catalogs for the blazars, FSRQs and pulsars were taken from [Abd09].

C.1 Sources lists for the AMANDA analysis

Starburst-Galaxies

‘ Source ‘ RA [°] ‘ DEC [° ] ‘ Flux@60 pm [Jy| ‘
IC 342 56.7021 68.0961 180.8
NGC 2146 94.6571 78.357 146.69
Maffei2 40.4795 | 59.6041 135
NGC 6946 308.718 | 60.1539 129.78
NGC 3690 172.134 58.5622 113.05
ARP 220 233.738 | 23.5032 104.09
NGC 5194(M51) 202.47 47.1952 97.42
NGC 4631 190.533 32.5415 85.4
NGC891 35.6392 42.3491 66.46
NGC 3627(M66) | 170.063 12.9915 66.31
NGC 6606 25.7598 13.6457 65.52
NGC 2903 143.042 | 21.5008 60.54
NGC 3628 170.071 13.5895 54.8

Table C.1: The Starburst-Galaxies selected for stacking with the AMANDA data.
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CSS/GPS sources

‘ Source ‘ RA [°] ‘ DEC [° | ‘ Flux@1.4 GHz [mJy] ‘
3C147 85.6505746 | 49.8520094 22880.0
3C48 24.4220808 | 33.1597594 16018.2
3C286 202.7845329 | 30.5091550 14903.2
3C138 80.2911917 | 16.6394586 8603.3
3C309.1 | 224.7815996 | 71.6721853 7468.9
3C287 202.6570442 | 25.1530214 7052.6
4C12.50 | 206.8890067 | 12.2900667 5155.0

Table C.2: The CSS/GPS selected for stacking with the AMANDA data.

FR-1 galaxies
| Source RA [°|| DEC [°]] Flux@178 MHz [mlJy] |
PerseusA 49.9506671 | 41.5116961 67.7
3C433.0 320.935559 25.069967 54.4
NGC 6166 247.160333 39.551556 51.1
3C310.0 226.238021 26.016261 45.0
3C66.0 35.6064 43.0132 35.7
NGC 1265 49.566083 41.857722 33.3
3C386.0 279.609395 17.197023 26.0
NGC 3862 176.2708708 | 19.6063169 26.0
UGC 11958 333.69542 13.84000 22.0
3C288.0 204.707809 38.852568 20.6
M 84 186.2655971 | 12.8869831 19.0
3C315.0 228.416983 26.125335 18.2
NGC 383 16.8539946 | 32.4125594 17.97
3C346.0 250.9524958 | 17.2637389 11.8

Table C.3: The FR-I galaxies selected for stacking with the AMANDA data.
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FR-1l galaxies
| Source | RA [°|| DEC [°] | Flux@178 MHz [mlJy] |
3C295.0 | 212.836029 | 52.202512 83.5
3C196.0 | 123.4001379 | 48.2173778 68.2
3C452.0 | 341.453208 | 39.687694 54.4
3C33.0 17.220251 | 13.337166 54.4
30390.3 | 280.5374579 | 79.7714242 475
3C98.0 59.726792 | 10.434167 47.2
3C20.0 10.786841 | 52.059387 42.9
3C219.0 | 140.285958 | 45.649278 41.2
3C234.0 | 150.456485 | 28.785919 31.4
3C61.1 35.65000 |  86.31889 31.2
3C79.0 47.500375 | 17.099528 30.5
3C330.0 | 242.402530 | 65.945446 27.8
3C427.1 | 316.026561 | 76.553199 26.6
3C47.0 24.101667 | 20.957500 26.4
3C388.0 | 281.010000 | 45.558250 45.5

Table C.4: The FR-II galaxies selected for stacking with the AMANDA data.

Fermi LAT blazars

‘ Source

| RA[°] | DEC [° ] | Flux@1 GeV — 100 GeV [10 ®cm s~ |

OFGL J1104.5+3811
0FGL J0222.6+4302
0FGL J0722.0+7120
0FGL J1555.8+1110
0FGL J1218.0+3006
OFGL J1719.341746
OFGL J1221.7+2814
OFGL J1751.54-0935
O0FGL J1015.2+4927
0FGL J1427.1+2347
OFGL J0818.3+4222
0FGL J0112.1+2247

166.137

35.653
110.508
238.951
184.517
259.830
185.439
267.893
153.809
216.794
124.579

18.034

38.187
43.043
71.348
11.181
30.108
17.769
28.243

9.591
49.463
23.785
42.367
22.790

2.61
2.61
1.49
1.46
1.41
1.14
1.03
1.00
1.00
0.92
0.79
0.65

Table C.5: The Fermi LAT balzars selected for stacking with the AMANDA data.
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Fermi LAT FSRQs

Source | RA[°] | DEC [° ] | Flux@1 GeV — 100 GeV [10 ®cm s 1] |

O0FGL J1229.14-0202 | 187.29
0FGL J0654.3+4513 | 103.59
O0FGL J1553.4+1255 | 238.37
OFGL J1849.44+6706 | 282.37
O0FGL J1522.2+3143 | 230.55
0FGLJ1310.6+3220 | 197.66
O0FGL J1635.2+3809 | 248.82
O0FGL J0957.6+5522 | 149.42
O0FGL J1015.9+0515 | 153.99
OFGL J1847.8+3223 | 281.96
0FGL J0714.2+1934 | 108.55

2.05 1.61
45.22 1.26
12.92 1.08

67.1 1.07
31.73 1.06
32.34 0.93
38.16 0.92
55.38 0.79

5.25 0.67
32.39 0.64
19.57 0.51

Table C.6: The Fermi LAT FSRQs selected for stacking with the AMANDA data.

Fermi LAT pulsars

‘ Source

| RA[°] | DEC [° | | Flux@1 GeV — 100 GeV [10 ®cm s~ |

OFGI. J0534.6+2201(Crab)
0FGL J2021.5+4026
OFGL J1836.2-+5924
0FGL J2020.8+3649

83.65
305.4
279.06
305.22

22.02
40.44
59.41
36.83

15.40
10.60
8.36
6.28

Table C.7: The Fermi LAT pulsars selected for stacking with the AMANDA data.
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C.2 Sources lists for the IC-22 analysis

Here the sources were ranked according to a stacking parameter described in 5.4.

Starburst-Galaxies

‘ Source ‘ RA [°] ‘ DEC [° ] ‘ Stack. Param. ‘
NGC 3034 (M82) | 148.968 | 69.6797 1
ARP 220 233.738 23.5032 0.188641
NGC 660 25.7598 13.6457 0.13568
NGC 3627 (M66) | 170.063 12.9915 0.135091
IC 342 56.7021 68.0961 0.12754
NGC 4631 190.533 | 32.5415 0.118678
NGC 2903 143.042 21.5008 0.111758
NGC5194 (M51) 202.47 47.1952 0.110221

Table C.8: The Starburst-Galaxies selected for stacking with the IC-22 data.

CSS/GPS sources

‘ Source ‘ RA [°] ‘ DEC [° | ‘ Stack. Param. ‘
3C286 202.785 30.5092 1
3C147 85.6506 49.852 0.999272
3C138 80.2912 16.6395 0.75416
3C48 24.4221 33.1598 0.686753
3C287 202.657 25.153 0.415196
4C12.50 206.889 12.2901 0.39572
PKS0428+20 | 67.7657 20.6262 0.289942

Table C.9: The CSS/GPS sources selected for stacking with the IC-22 data.
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FR-1 galaxies
‘ Source ‘ RA [° ] ‘ DEC [° | ‘ Stack. Param. ‘
3C433.0 320.936 25.07 1
PerseusA 49.9507 | 41.5117 0.821729
3C310.0 226.238 | 26.0163 0.810219
NGC6166 247.16 | 39.5516 0.696666
3C386.0 279.609 17.197 0.571184
NGC3862 | 176.271 19.6063 0.556089
3C66.0 35.6064 | 43.0132 0.524969
UGC11958 | 333.695 13.84 0.513734
M 84 186.266 12.887 0.487639
NGC1265 | 49.5661 | 41.8577 0.438249
3C315.0 228.417 | 26.1253 0.40578
3C28.0 13.9597 | 26.4096 0.33799
NGC5H532 | 214.221 10.8074 0.33715
3C346.0 250.952 | 17.2637 0.333081
3C288.0 204.708 | 38.8526 0.292762
NGC7720 | 354.622 | 27.0315 0.290775
Table C.10: The FR-I galaxies selected for stacking with the IC-22 data.
FR-II galaxies

| Source | RA[°] | DEC [°] | Stack. Param.

3C123.0
3C33.0

69.2682
17.2203

29.6705
13.3372

1
0.3391

Table C.11: The FR-II galaxies selected for stacking with the 1C-22 data.
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Fermi LAT blazars

Source ‘ RA [°] ‘ DEC [° ] ‘ Stack. Param.

0FGL J0222.6+4302

OFGL J1719.3+1746

OFGL J1104.5+3811 | 166.137

OFGL J1555.841110 | 238.951
OFGL J1751.54+0935 | 267.893

O0FGL J1218.0+3006 | 184.517
OFGL J1427.1+2347 | 216.794
O0FGL J1221.7+2814 | 185.439
O0FGL J1015.2+4927 | 153.809

35.653

259.83

38.187 1
43.043 0.692387
11.181 0.666191

9.591 0.63702
17.769 0.616565
30.108 0.494447
23.785 0.389905
28.243 0.387164
49.463 0.312798

Table C.12: The Fermi LAT blazars selected for stacking with the IC-22 data.

Fermi LAT FSRQs

| Source | RA [° | | DEC [° | | Stack. Param. |

0FGL J2254.0+1609
OFGL J1504.44-1030

343.5
226.12

16.15
10.51

1
0.603106

Table C.13: The Fermi LAT FSRQs selected for stacking with the IC-22 data.

Fermi LAT pulsars

‘ Source

| RA [° | | DEC [° | | Stack. Param. |

OFGL J0534.6+2201(Crab)
0FGL J2021.5+4026
0FGL J1907.5+0602

83.65
305.4
286.89

22.02
40.44
6.03

1
0.489727
0.348537

Table C.14: The Fermi LAT pulsars selected for stacking with the 1C-22 data.
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