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1Introdu
tion
S

in
e the beginning of mankind humans have explored the world in whi
h they areliving. Some questions were answered while new ones arose. One of the remain-ing questions is the 
omposition of matter. In the an
ient world philosopherstried to answer this question but it was not possible for them to experimentally
on�rm their �ndings. In the 16th 
entury, the s
ien
e of modern physi
s was startedto develop, based on the idea to falsify or verify predi
tions experimentally and tryingto �nd answers to how matter was built up. Throughout the 
enturies, knowledge wasgained and di�erent bran
hes of physi
s developed to ta
kle the di�erent arising questions.One relatively new bran
h is astroparti
le physi
s a
ting as an interfa
e between parti
lephysi
s and astronomy. The �eld of astroparti
le physi
s tries to answer the question aboutorigin and 
omposition of the high-energy 
osmi
 radiation hitting Earth ea
h se
ond �the 
osmi
 rays. Dis
overed over one hundred years ago the exa
t origin of 
osmi
 rays isstill unknown, sin
e the 
harged parti
les are de�e
ted by 
osmi
 magneti
 �elds and donot reveal any dire
tional information. Experiments in astroparti
le physi
s evaluate theinformation 
arried by messenger parti
les. One of these messenger parti
les is the neu-trino. Experiments whi
h sear
h for neutrinos from astrophysi
al sour
es are AMANDAand I
eCube, both dete
tors at the geographi
al South Pole.The present thesis deals with one parti
ular sour
e 
andidate, the Starburst-Galaxy. Aspart of this thesis a 
atalog of Starburst-Galaxies was 
olle
ted and a sour
e sta
kinganalysis with data from AMANDA and I
eCube was performed with the aim to dete
tneutrinos from Starburst-Galaxies and a
tive gala
ti
 nu
lei (AGN) or set 
onstraints ona possible neutrino �ux from these sour
es.This thesis is organized as follows: The �rst 
hapter gives a brief overview of the statusof astroparti
le physi
s, the parti
le a

eleration, possible sour
es of 
osmi
 rays. Themessenger parti
les and their dete
tion are dis
ussed. The se
ond 
hapter introdu
es theStarburst-Galaxies and presents the sour
e 
atalog. In 
hapter three the dete
tors used forthe analyses done in this thesis are introdu
ed. The next 
hapter presents the analyses ofStarburst-Galaxies and AGN performed with AMANDA data and I
eCube data, the re-sults of these analyses are shown. The last 
hapter 
ontains 
on
lusions and outlook. Theappendi
es 
ontain the sour
e 
atalog of Starburst-Galaxies (appendix A), supplementaryplots for the analyses (appendix B) and the sour
e lists used in the analyses (appendix C).





2Status of astroparti
le physi
s
2.1 Brief histori
al developmentThe �eld of astroparti
le physi
s is fastly developing having its roots in the dis
overy of
osmi
 rays as sour
e of ionizing parti
les in 1912. Pre
eeding 
onsiderations by Elster,Geitel and Wilson [EG07,Wil01℄ about the 
ondu
tivity of air led to the assumption around
1900 that there has to be an additional sour
e for ionizing parti
les other than the radioa
-tivity of the soil. An eviden
e to this alternate sour
e was provided by Vi
tor F. Hess in1912. The aim of Hess' work was to resear
h the 
hange of radiation with altitude usingballoon rides. The measurements were done with a 
harged ele
trometer whi
h dis
hargedwithin a time interval ∆t due to the in�uen
e of radiation. Here, ∆t depends on the in-tensity of the signal. If the radiation were originating from the Earth, a de
rease in theionization level would be expe
ted. It was found by Hess that the intensity of the radiationde
reased only to an altitude of a few hundred meters above the ground. With in
reas-ing altitude the intensity in
reased again to rea
h the same level as on the ground at analtitude of ∼ 1800m. The measurements were done up to an altitude of 5000m, a higherradiation intensity than on the ground was dete
ted. The results of Vi
tor Hess lead tothe 
on
lusion that next to the known sour
es of ionizing radiation there must be othersour
es whi
h have to be sear
hed beyond the Earth [Hes11, Hes12℄. Later this ionizingradiation was labeled 
osmi
 rays. In the following period many parti
les were dis
overedin the 
osmi
 rays, the positron for example [And33℄.With the availability of powerful parti
le a

elerators the interest in 
osmi
 rays as anobje
t to resear
h faded. With these parti
le a

elerators the parti
les 
ould be studiedunder laboratory 
onditions. However, during the past de
ade the interest in 
osmi
 raysin
reased again sin
e no man made a

elerator 
an a

elerate parti
les to energies as 
osmi
a

elerators 
an. For a review of the history of astroparti
le physi
s see [Cir08℄.2.2 The energy spe
trum of 
osmi
 raysFigure 2.1 is a presentation of the energy spe
trum of 
osmi
 rays measured by variousexperiments. 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 spe
trum of 
osmi
 rays measured by various experiments. The�ux has been weighted with E−2. The numbers on the right hand side is theexpe
ted number of parti
les on Earth per unit time [Be
08℄.spe
trum follows a power law, the parti
le �ux is proportional to Eγ where γ is 
alledspe
tral index whi
h is a 
onstant over large ranges of energies. However, there are twokinks in the spe
trum: The �rst at Eknee ≈ 2.5 · 1015 eV, here γ 
hanges from 2.63 to
3.03 [Wie98℄. This kink is 
alled the 'knee' of the 
osmi
 ray spe
trum. The se
ond kink



2.3. Parti
le a

eleration 5is at an energy of ∼ 1018.5 eV, the spe
tral index 
hanges to ∼ 2.75 [Sta04℄. This se
ondkink is 
alled 'ankle'. Above an energy of ∼ 1020 eV it was expe
ted that the 
harged
osmi
 rays intera
t with the 
osmi
 mi
rowave ba
kground (CMB). Thus only few rea
hthe Earth. In an intera
tion at su
h an energy of a proton with a photon a delta resonan
eis produ
ed whi
h then de
ays into a neutron (or proton) and a 
harged or neutral pion:
p + γ → ∆+ → n + π+

p + π0 .The energy of the produ
ed proton is always lower than the energy of the primary pro-ton. The intera
tion of high energy 
osmi
 rays with the CMB was predi
ted simul-tanously by the Ameri
an physi
ist K. I. Greisen and Russian physi
ists G. T. Zatsepinand V. A. Kuzmin [Gre66,ZK66℄. The expe
ted 
uto� in the 
osmi
 ray spe
trum due tothe intera
tions with the CMB is therefore 
alled Greisen-Zatsepin-Kuzmin Cuto� or shortGZK-Cuto�. After the predi
tion in the year 1966 it was 
laimed to be experimentally
on�rmed by the Auger experiment [A+08a℄ and the HiRes experiment [B+08℄ 40 yearslater.2.3 Parti
le a

elerationCosmi
 rays are a

elerated in astrophysi
al environments whi
h are often 
hara
terizedby the 
ollision of plasmas. In a supernova explosion the shell of matter is blown fromthe 
entral obje
t and en
ounters the interstellar medium. Here, a sho
k front is produ
edsin
e the gas in the shell en
ounters other gas with a velo
ity faster than any signal ve-lo
ity. The supernova remnant (SNR) 
an be observed for more than 1000 years. Thisphenomena is not only limited to astrophysi
al environments. As an example, sho
ks areformed in supersoni
 movements of planes or bullets in air. In these examples the planeor bullet is moving faster than the speed of sound, whi
h is the 
hara
teristi
 speed of themedium, and produ
es a sho
k wave, the Ma
h 
one [Ma
97,MW84,MW85℄. In astrophys-i
al environments the 
hara
teristi
 speed of plasma is the speed of magneti
 waves.Non-thermal emission of ele
tromagneti
 radiation at radio to X-ray energies 
an be in-terpreted as syn
hrotron radiation from sho
k-a

elerated ele
trons. At energies aboveX-rays, the signal 
an arise from inverse Compton s
attering of the highly-relativisti
 ele
-trons with the ambient low-energy photon �eld. If a hadroni
 
omponent is a

elerated,the ele
tromagneti
 emission in the MeV to TeV range 
an also arise from protons. Theseprotons 
an lose energy in syn
hrotron radiation or by proton-photon and proton-protonintera
tions. The latter two pro
esses lead to photon emission from π0 de
ays.Sto
hasti
 parti
le a

eleration as an a

eleration me
hanism that produ
es the observedpower law behavior was �rst dis
ussed by Fermi [Fer49,Fer54℄ and Darwin [Dar49℄. In thisme
hanism a 
harged parti
le enters an a

eleration region with an energy E0 and leavesthe a

eleration region with an energy E > E0.There are two basi
 
on�gurations for this a

elerating me
hanism. One is to 
onsider amoving, partially ionized gas 
loud as shown in �gure 2.2(a). The in
ident parti
le hasthe energy E1, the momentum p1 and the angle θ1, the a

ording quantities for the out-going parti
le are E2, p2 and θ2. Magnetized interstellar gas 
louds have typi
ally a speed
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le physi
sof∼ 15 kms [Pro98℄. The parti
les are s
attered o� the magneti
 �eld inhomogeneities insidethe 
loud and leave the 
loud with randomized dire
tions. In this 
ase the momentum gainper en
ounter with a magenti
 �eld inhomogeneity ξ is proportional to the squared 
loudvelo
ity, ξ ∝ Vc
2, therefore this 
on�guration of the me
hanism is referred to as se
ondorder Fermi a

eleration. Be
ause the energy gain is of se
ond order this pro
ess is notvery e�
ient. In a di�erent 
on�guration a plane as in�nite sho
k front is 
onsidered. This
on�guration is 
alled �rst order Fermi a

eleration and it is illustrated in �gure 2.2(b).A parti
le with the inertial energy E1 only 
hanges its energy by 
rossing the sho
k. Inthis sho
k it is a

elerated at moving magneti
 �eld inhomogeneities to an energy E2. Thein
ident angle is labeled θ1 in the �gure, the angle of the returning parti
le towards thesho
k is labeled θ2. In this 
on�guration �rst order e�e
ts are dominant and the totalmomentum gain for one 
y
le of a

eleration is ξ ∝ VR, VR is the relative speed betweenthe parti
le and the sho
k. A review of both a

eleration me
hanisms is given in [Pro98℄.

Figure 2.2: On the left (a) there is an illustration of the se
ond order Fermi me
hanism,the more e�e
tive �rst order me
hanism is displayed on the right side (b)[Pro98℄.2.4 Possible sour
es of 
osmi
 raysThe a

eleration me
hanisms des
ribed in se
tion 2.3 
an o

ur in any astrophysi
al 
on-�guration where sho
k fronts and magneti
 �eld inhomogeneities o

ur. This is the 
ase inmany astrophysi
al obje
ts, though, not every obje
t where Fermi a

eleration o

urs 
ana

elerate parti
les to the observed energies. The ability of an obje
t to a

elerate 
hargedparti
les to a 
ertain energy depends on its size and magneti
 �eld strength:
B · L >

2E

Z · e · βThis relation was �rst introdu
ed by A. M. Hillas [Hil84℄, the magneti
 �eld strength Bis in units of µG, the size of the a

eleration region L is in p
 and the energy in unitsof 1015 eV. This relation is visualized in �gure 2.3. On the x-axis there is the size Lof the a

eleration region, on the y-axis the magneti
 �eld strength B. A sour
e thatis able to a

elerate protons to 1015 eV ('knee' line) has to be left above this line in the�gure, the same for energies above 1018.5 eV, ('ankle' line) or above 1020 eV, the GZK 
uto�



2.4. Possible sour
es of 
osmi
 rays 7energy. Multiple sour
e 
andidates are displayed in the �gure whi
h is referred to as theHillas diagram or Hillas plot. From �gure 2.3 it is visible that the 
osmi
 rays below theankle (E < 3 · 1018.5 eV) 
ould be just from gala
ti
 origin.

Figure 2.3: The Hillas diagram: The lines denote 1015 eV (knee), 1018.5 eV (ankle) and
1020 eV (GZK). A sour
e that is able to a

elerate parti
les above one ofthese energies has to be left and above the a

ording line. Diagram takenfrom [A+09
℄ modi�ed from [Pro04℄.2.4.1 Supernovae and Supernova RemnantsIt is 
ommonly believed that the 
osmi
 ray spe
trum at energies below the knee is produ
edin expanding shells of supernova remnants (SNR). These SNR 
onsist of sho
k fronts builtby material that was eje
ted into the interstellar medium by a supernova explosion (SN).The supernova rate in the Galaxy is one SN per 50 years [CT01℄. However, there aregalaxies whi
h have an in
reased supernova rate due to their in
reased star formationrate. These galaxies are 
alled Starburst-Galaxies, they will be dis
ussed in more detail in
hapter 3. Although SN are good 
andidates for the produ
tion of 
osmi
 rays it is di�
ultto explain the break in the spe
trum at E ∼ 1015 eV. One possible explanation would be



8 2. Status of astroparti
le physi
sthe leakage of parti
les out of the Galaxy leaving only heavy elements at higher energies.This may lead to a steepening of the spe
trum. Another possibility is that SN explodinginto their own wind are able to a

elerate parti
les to higher energies sin
e heavier elements(helium up to iron) are produ
ed. A SN losing the hydrogen envelope before 
ollapsingleads to a higher density of parti
les when the sho
k forms and thus to di�erent 
onditionsin the sho
k. Regular SNRs are expe
ted to produ
e 
osmi
 rays up to the knee while SNRwinds are believed to a

elerate parti
les up to the ankle [SBG93℄.2.4.2 Pulsars and binary systemsThere are also alternative explanations for the spe
trum above the knee, systems withneutron stars or bla
k holes are 
onsidered. Neutron stars are observed as pulsars, theirele
tromagneti
 radiation follows the magneti
 �eld lines whi
h are not aligned with therotational axis, the emission 
an only be seen when the parti
le jet points towards Earth.The periodi
 signal from pulsars 
an range from several se
onds to millise
onds. The mostprominent sin
e the most luminous pulsar is the Crab pulsar, a millise
ond pulsar. TheCrab pulsar is a neutron star whi
h was produ
ed in a SN explosion observed on 4th of July
1054 [Duy42,MO42℄. Newer evaluation of histori
al re
ords of this SN suggest an earlierdate, 11th of April 1054 [CCM99℄. The remnant of the SN 1054, the Crab nebula, has beenobserved in all wavelengths. It was seen from radio up to TeV energies, the pulsar itselfis most luminous at X-ray and higher energies. Pulsars have very high magneti
 �elds of
B ∼ 1015 G whi
h makes them good 
andidates for parti
le a

eleration.Another good 
andidate for sho
k a

eleration is the 
lass of binary systems in
ludinga neutron star or a bla
k hole. Low-Mass X-ray binaries (LMXBs) 
onsist of a white dwarfand a 
ompanion star while High-Mass X-ray binaries (HMXBs) 
onsist of neutron starthat is fed by a blue (O/B) star. If in a HMBX the 
ompanion ex
eeds the Ro
he volumeof the binary system it begins to feed the 
ompa
t obje
t with matter. The neutron star orbla
k hole in turn emits the gained energy in a jet along the magneti
 axes. These system
an lead parti
le a

eleration up to the ankle at most. See [Gai90℄ for a summary of X-Raybinaries and 
osmi
 rays.2.4.3 A
tive gala
ti
 nu
leiThe 
osmi
 rays at energies above the ankle 
annot be of gala
ti
 origin sin
e they aretoo isotropi
. A promising sour
e 
andidate in this energy regime are a
tive gala
ti
nu
lei (AGN). This 
lass of galaxies has a parti
ularly bright 
ore. The �rst AGN wasdis
overed in 1962 as an obje
t with a star like 
ore. Sin
e it showed extreme radioemission features it 
ould not be 
lassi�ed as a star. The suggestion that this obje
twhi
h is today known as 3C 273 was indeed a distant galaxy with a bright 
ore was �rstsuggested by Maarten S
hmidt one year after the dis
overy [S
h63℄. These obje
ts usedto be referred as quasi stellar obje
ts (QSOs). Today it is known that QSOs �t into thegeneral 
lassi�
ation s
heme for AGN. AGN are obje
ts whi
h are believed to be poweredby a rotating super massive bla
k hole in the 
enter. A s
hemati
 view in an AGN is
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Figure 2.4: S
hemati
 view of a 
ylindri
al symmetri
 AGN in the r-z-plane. Both axisare logarithmi
ally s
aled to 1p
. It is indi
ated whi
h obje
ts are believedto bee seen from whi
h dire
tion. Figure from [ZB02℄.shown in �gure 2.4. AGN are 
alled "a
tive" due to the a

retion disk whi
h forms aroundthe 
entral bla
k hole and radiates strongly in opti
al bandwidths. This a

retion disk isfed with material from a dust torus. Perpendi
ular to this disk there are two relativisti
jets emitted, transporting matter in the form of lobes. In these lobes there are knots andhot spots whi
h emit radio emission, leading to the strong radio signal observed in AGN.It is believed that these knots and hot spot represent sho
k a

eleration regions in whi
hparti
les are a

elerated to high energies, protons for example up to Ep ∼ 1021 eV [BS87℄.Re
ent results from the Auger experiment suggest a 
orrelation between high energeti

osmi
 rays and AGN. A 
orrelation between 
osmi
 rays with energies above 6 · 1019 eVand the position of AGN 
loser than 75Mp
 was demonstrated [AP+07, AP+08℄. Theobserved types of AGN �t into the AGN 
lassi�
ation s
heme (�gure 2.5). In this s
hemethree main 
riteria were used to 
lassify the AGN:1. The AGN are divided into radio loud and radio weak AGN a

ording to their a
tivityin radio wavelengths. About 90% of all AGN are radio weak and are usually hostedin spiral galaxies while the radio loud AGN are hosted in the 
enters of ellipti
algalaxies.2. A further 
lassi�
ation 
riterion is the opti
al luminosity. The radio weak sour
esare subdivided into opti
ally strong and opti
ally weak, this 
an be distinguishedby 
onsidering the features of the emission lines. Narrow emission lines are usuallymissing in opti
ally strong sour
es while they are present in opti
ally weak sour
es.Broad emission lines are present in both sour
e types. Radio loud sour
es with ex-tended jets (∼ 100 kp
) are further subdivided at radio wavelengths into low and highluminosity. The 
riti
al luminosity is Lν = 2.5 · 1026 WHz . The jets of 
ompa
t sour
es
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le physi
slike GHz-Peaked-Sour
es (GPS) and Compa
t Steep Sour
es (CSS) are believed toget stu
k in matter.3. The last 
riterion is the orientation of the AGN towards the observer. AGN areaxisymmetri
 along the axis of the jet. An obje
t is 
lassi�ed as blazar in the bran
hof radio loud AGN if one of the jets points dire
tly to the observer. Blazars are furtherdivided into Flat Spe
trum Radio Quasars (FSRQs) if they have high luminosityand into BL La
s if they have low luminosity. The Farano� Riley (FR) galaxiesare being looked at from the side, and thus the torus and the jet are 
learly visible.These galaxies are divided a

ording to their luminosity, too. The high luminositypopulation is labeled FR-II galaxies showing very high radio emission at the end ofthe jets, while the radio emission of the low luminosity population 
lass happens inknots throughout the jet. This 
lass is labeled FR-I.The radio weak AGN are 
alled radio weak quasars in the opti
ally strong 
ase. Theopti
ally weak obje
ts are 
alled Seyfert-I galaxies, when looked at the gap betweenjet and AGN torus. The equivalent to the FR galaxies in the radio weak 
ase areRadio Intermediate Quasars (RIQ) and Seyfert-II galaxies, the observer's view is heredire
ted towards the torus.
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Figure 2.5: The AGN 
lassi�
ation s
heme. Figure from [Be
08,A+06℄.
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le physi
s2.4.4 Gamma ray burstsIn the 1960s photon eruption of unknown origin were dete
ted both by Ameri
an andSoviet military satellites. Although it was 
lear immediately that these events were notman made, it took until 1973 until this was �rst published after the �rst observationin 1967. This �rst publi
ation was from the Ameri
an Vela satellites [SKO73℄, a fewmonths later from the Soviet Cosmos-461 [MGI74℄ and the Ameri
an OSO-71 and IMP-62satellites [WUB+73,CD73℄. Further systemati
 studies of these Gamma Ray Bursts (GRB)were done with BATSE3 on board the CGRO4, BATSE was taking data for 9 years, fromApril 1991 until June 2000 [PMP+99℄. BATSE dete
ted 2704 GRBs in an energy rangebetween 20 keV and 2000 keV. The bursts distribute isotropi
ally with no visible 
lusteringin the gala
ti
 plane or anywhere else suggesting that GRBs are not of gala
ti
 origin.While the prompt emission of the GRBs is in the keV−MeV range, the so-
alled afterglowemission 
ontinues long after the prompt emission and is seen in pra
ti
ally all wavelengths.From the observation of the afterglow host galaxies 
an be identi�ed and the distan
e of theGRB through its redshift 
an be determined [WRM97℄. This was �rst done in 1997, whenthe satellite BeppoSAX5 dete
ted GRB970228 and also measured the GRB afterglow inX-rays. This dete
tion and follow up observations in opti
al and other wavelengths madethe determination of the redshift possible. The redhift of this GRB was determined to
z = 0.9578 whi
h 
orresponds to ∼ 6Gp
 [D+01℄. This was the proof that GRBs are notof gala
ti
 origin. GRBs have a bimodal duration distribution, the duration of a GRBis labeled t90. Here, t90 is the time span in whi
h 90% of the signal was re
eived. Theduration distribution has two populations, one with a t90 > 2 s 
lassi�ed "long" and onewith t90 < 2 s 
lassi�ed "short". It has been un
lear for a long time what is the me
hanismthat 
auses long and short GRBs. In 2003 it was dis
overed that long GRBs are 
onne
tedto supernova explosions of type I
 [MDT+03℄. Supernovae of type I
 follow the deathof very massive Wolf-Rayet stars. Short GRBs have been proven in 2005 to originatefrom the merging of two neutron stars or a neutron star and a bla
k hole in a binarysystem [HSG+05, VLR+05, GCG+06℄. Long and short GRBs do not only di�er in theirduration but also in their redshift distribution. While long GRBs happen in star formingregions following the star forming rate, short bursts happen in regions with rather low starformation rate and at small redshifts (z ∼ 0.1) [Be
08℄.2.5 Messenger parti
les and their dete
tionFrom the possible sour
es of 
osmi
 rays di�erent parti
les rea
h the Earth and makethe observation of the sour
es possible through di�erent te
hniques of dete
tion. The
osmi
 rays at an energy above 1GeV 
onsists of∼ 98% nu
leons and∼ 2% leptons [Lon92℄.1Orbiting Solar Observatory2Interplanetary Monitoring Platform3Burst And Transient Sour
e Experiment4Compton Gamma Ray Observatory5Name made out of the name of the Italien astronomer Giuseppe O

hialini 
alled Beppo and 'SAtelliteper lo studio a raggi X', Italian for 'Satellite for X-ray studies'



2.5. Messenger parti
les and their dete
tion 13The parti
les and the dete
tion te
hnique used for dete
tion are dis
ussed in the followingand are shown graphi
ally in �gure 2.6.
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Figure 2.6: A graphi
al overview of propagation and dete
tion of the di�erent parti
lesof the 
osmi
 rays [Wag04℄.
2.5.1 Protons and heavy nu
leiProtons and heavy nu
lei are often referred to as primary 
osmi
 rays sin
e they are a
-
elerated in the sour
e regions and rea
h the Earth without intera
tion. Above 1GeV thenu
leons in the 
osmi
 rays are ∼ 87% protons, ∼ 12% α-parti
les and ∼ 1% heavy nu-
lei [Lon92℄. Although the primary 
osmi
 rays 
arry valuable information from the sour
e,like the energy of the parti
les and the energy spe
trum whi
h 
ould reveal the propertiesof the sour
e and the a

eleration me
hanism, they la
k an also very important informa-tion: the dire
tion. Charged 
osmi
 rays are de�e
ted in interstellar magneti
 �elds ontheir way to Earth and thus do not 
ontain any information anymore where they 
amefrom and thus 
an not be 
orrelated to the sour
e obje
ts. However, this might not be truefor 
harged parti
les at the highest energies. If parti
les originate from nearby sour
es andhave su�
ient energies, they 
an travel on almost straight lines and 
ould be 
orrelatedto sour
e obje
ts. This was already mentioned for a
tive gala
ti
 nu
lei, see subse
tion2.4.3. The exa
t values for the maximum distan
e and the minimum energy depend on themagneti
 �eld 
on�guration, whi
h is still not well-known.
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le physi
sDete
tion of protons and heavy nu
leiThe dire
t measurement of the primary 
osmi
 rays is only possible outside the Earth'satmosphere sin
e the 
harged parti
les intera
t in the atmosphere. Thus dete
tors fordire
t measurements are on board satellites or balloons. The �rst dedi
ated satelliteborne experiment for the dete
tion of 
osmi
 rays is PAMELA6 on board the RussianResurs-DK1 satellite. It is designed to measure di�erent kinds of matter and antimatter inthe 
osmi
 rays su
h as protons, ele
trons and their anti parti
les [C+08℄. A similar balloonbased experiment was ATIC7. ATIC �ew several �ights in Antar
ti
a and measured pro-tons and nu
lei [I+09℄. Sin
e spa
e is limited on satellites and balloons these experimentshave only small a
tive dete
tor volumes whi
h limits them to small energies, < 1TeV forprotons in the 
ase of PAMELA. If 
harged parti
les intera
t in the atmosphere they pro-du
e 
as
ades of se
ondary parti
les. These 
as
ades 
an 
ontain just leptons in 
ase of anele
tromagneti
 
as
ade or they may 
ontain mesons in 
ase of a hadroni
 
as
ade. Next tothe se
ondary parti
les also �uores
en
e and �erenkov light is produ
ed in an air shower,both 
an be used for indire
t dete
tion of primary 
osmi
 rays. In �gure 2.7 a s
hemati
view of an air shower is shown. There are several te
hniques to dete
t air showers:

Figure 2.7: S
hemati
 view of an air shower produ
ed by a primary parti
le like a protonor a heavy nu
leus [Wag04℄.
6Payload for Antimatter Matter Exploration and Light-nu
lei Astrophysi
s7Advan
ed Thin Ionization Calorimeter
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• Ground dete
tors dete
t se
ondary parti
les indu
ed from primary parti
les inter-a
ting with the atmosphere. From the lateral and time distribution of these parti
lesthe shower the dire
tion of the primary parti
le is estimated. From the amountof se
ondary parti
les dete
ted the energy of the primary parti
le is estimated. Theground dete
tors are s
intillation 
ounters, muon 
ounters or photomultipliers (PMT)ordered in an array. An example for an array with s
intillation 
ounters is theKASCADE-Grande8 experiment whi
h stopped data taking in Mar
h 2009. It 
on-sisted of 237 s
intillation dete
tors and was designed to measure air showers withenergies between 500TeV and 1EeV [S+09℄.
• Fluores
en
e light is 
aused by s
attering pro
esses of se
ondary ele
trons andpositrons in the atmosphere. The primary sour
e for �uores
en
e light in the at-mosphere is the ex
itation of nitrogen mole
ules. One experiment that used the�uores
en
e te
hnique is HiRes9 in Utah whi
h operated from June 1997 until April

2006. The experiment 
onsisted of two �uores
en
e teles
opes whi
h allowed stereo-s
opi
 observations and thus better re
onstru
tion of the shower geometry. HiRes has
on�rmed the GZK 
uto� [B+08℄. Currently as a su

essor for HiRes the Teles
ope-Array at the same site has just begun datataking [N+09℄. There are also experimentswhi
h use both te
hniques, ground dete
tors and �uores
en
e dete
tors. The PierreAuger Observatory in Argentina uses 1660 water �erenkov dete
tors and 24 �uores-
en
e teles
opes in groups of 6 teles
opes at 4 lo
ations at the edge of the surfa
edete
tor array [A+09e℄. Like HiRes the Pierre Auger Observatory has also 
on�rmedthe GZK-
uto� [A+08a℄.
• �erenkov light is emitted when a 
harged parti
le passes through a medium witha velo
ity faster than the speed of light in that media. The �erenkov light is emittedin a 
one with an opening angle θC proportional to the speed of the parti
le. With

n = c0
c and β = v

c0
θC is given by

θC =
1

n · β . (2.1)Here, c0 being the speed of light in va
uum. However, equation 2.1 is in fa
t anapproximation to
cos θc =

1

β · n +
~k

2p

(

1 − 1

n2

)

. (2.2)Here, p is the momentum of the parti
le and ~k the momentum of the emittedphotons. Sin
e ~k ≪ p equation 2.1 is a good approximation for equation 2.2 [Gru93℄.In �gure 2.8 there is a sket
h of the geometry of the �erenkov e�e
t. The emissionof �erenkov light happens be
ause the parti
le produ
es dipoles on its path throughthe medium. The dipole �elds interfere 
onstru
tively if the speed of the parti
le islarger than the phase speed of light in the medium [Ja
62℄. If the speed is less thanthis, the interferen
e is destru
tive and no �erenkov light is emitted.8KArlsruhe Shower Core and Array DEte
tor-Grande9High Resolution Fly's Eye
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Θc

vt

c’tFigure 2.8: The �erenkov e�e
t: If the velo
ity of a prti
le is faster than speed of light inthe medium the indu
ed dipoles interfere 
intrut
tively and �erenkov lightis emitted in a 
one with an opening angle θC . Figure from [Ja
62℄.The �erenkov light 
an be observed in air showers of primary parti
les and it 
an alsobe used to dete
t neutrinos. Neutrino dete
tion will be dis
ussed later in this thesis.The �erenkov light of air showers is observed with imaging air �erenkov teles
opes(IACTs). The light produ
ed in an air shower is observable for nanose
onds. ThusIACTs use a mirror to 
olle
t the light and PMTs to dete
t it in a PMT 
amera.There are numerous IACTs, for instan
e three of them are mentioned here. TheMAGIC-Teles
ope10 is situated on the Canary island La Palma. MAGIC has twoindividual teles
opes, MAGIC-I and MACIG-II, ea
h with a mirror diameter of 17m,being the world's largest single dish IACTs. MAGIC-II is operable sin
e April 2009.The MAGIC teles
opes are designed to dete
t very high energy (VHE) γ-rays inan energy range between 25GeV and 20TeV [A+08b, A+09h℄. Similar to MACICthere are the H.E.S.S.11 teles
opes in Namibia and VERITAS12 in Arizona. H.E.S.S.is an array of four teles
opes with a diameter of 13m ea
h (H.E.S.S. Phase I) andis 
urrently extended by another larger teles
ope (25m diameter) in the middle ofthe array (H.E.S.S. Phase II). The lower energy threshold of Phase I is 100GeV, forPhase II this is expe
ted to be lowered to ∼ 20GeV [Hor07℄. VERITAS is an array offour teles
opes, ea
h teles
ope having a mirror diameter of 11m [The09,MHKM09℄.10Major Atmospheri
 Gamma-ray Imaging Cherenkov Teles
ope11High Energy Stereos
opi
 System12Very Energeti
 Radiation Imaging Teles
ope Array System
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les and their dete
tion 17VERITAS has a dete
tion threshold of 100GeV for photons and it is planned toupgrade the system to lower this threshold by relo
ating one teles
ope and improvingthe 
amera and trigger system [The09,Ott09℄. Although the mentioned IACTs areoptimized for the dete
tion of VHE photons it is also possible to dete
t protons whi
hform the ba
kground in VHE photon observations.
• Radio dete
tion of 
osmi
 rays is known for about 40 years but has been almostforgotten in the early 1970s sin
e te
hni
al di�
ulties were en
ountered and otherdete
tion te
hniques seemed to be more promising at that time. The radio dete
tionte
hnique tries to dete
t the syn
hrotron radiation of ele
tron/positron pairs in airshowers 
aused by the Earth's magneti
 �eld. This geosyn
hrotron radiation is astrongly pulsed radio emission at frequen
ies around 40Hz. It 
an be dete
ted infrequen
y ranges between a few and a few hundred MHz. Today, radio dete
torsare added to existing dete
tor arrays like the LOPES13 array of dipole antennas asan extension of the KASCADE-Grande array. LOPES is a prototype for a largerarray planned to be spread over the Netherlands and parts of Europe whi
h is 
alledLOFAR14. For an overview of geosyn
hrotron radiation and radio emission of ex-tended air showers see [HF03℄.2.5.2 PhotonsPhotons from 
osmi
 ray sour
es are produ
ed in the sour
es by intera
tion pro
esses ofthe a

elerated parti
les. Photons 
over a vast range in energy, from radio radiation with afew eV to VHE photons with several TeV or even EeV. While photons are not de�e
ted bymagneti
 �elds, they are more or less easily absorbed by interstellar 
louds or matter withinthe sour
e itself. Thus photons may only 
arry information about the surfa
e of the sour
e.The observation of photons 
an be done dire
tly or indire
tly. Indire
t measurements werealready 
overed in the subse
tion before. High energy γs 
an be observed dire
tly withsatellite or balloon experiments and indire
tly by observing the air showers produ
ed bythem in the atmosphere. Only a small part of the photon spe
trum 
an be observed fromthe surfa
e of the Earth sin
e the Earth's atmosphere is opaque for all frequen
ies ex
eptthe visible light (opti
al window) and radio waves (radio window).Visible light observationsThe oldest bran
h of astronomi
al observations is the observation of the visible light, itis as old as mankind. The �rst observations were done with the naked eye then laterwith opti
al teles
opes15. The �rst opti
al teles
ope is believed to be built by the Dut
hHans Lippers
hey in 1608 and one year later by Galileo Galilei [Kin55℄. Today opti
al tele-s
opes use mirrors with diameters up to 10.4m in the 
ase of the Grand Teles
opio Canarias(GranTeCan), like the MAGIC teles
opes on the island of La Palma. The GranTeCan hadits �rst light in 2007 and is 
urrently being equipped with di�erent instruments used forspe
tros
opy in di�erent wavelengths [RA08℄.13LOFAR PrototypE Station14LOw Frequen
y ARray15derived from the Greek word τηλǫσκóπoζ meaning 'to look far'
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le physi
sRadio observationsAnother also quite old bran
h in the astronomy is the radio astronomy. The �rst radiosignals from outside the solar system were dete
ted in 1933 by Karl Guthe Jansky16 witha turnable antenna. It turned out, that the radio signals he re
orded were 
oming fromthe Galaxy with a maximum at the gala
ti
 
enter [Jan33℄. The �rst sky survey in radiowavelengths was done by Grote Reber and published 1944 showing a map of radio emissionfrom the Galaxy [Reb44℄. In the 1950s it was found out that the radio emission was nonthermal syn
hrotron radiation [Bur56℄, stemming from a

elerated 
harged parti
les in themagneti
 �elds of the sour
es. Radio teles
opes usually have a dish shaped re�e
tor thatfo
uses the radio waves onto a re
eiver. Usually teles
opes have multiple re
eivers forobservations at di�erent frequen
ies. Radio teles
opes have rather large re�e
tor dishes,the diameter ranges from a few meters to several hundrets of meters. For example the freesteerable radio teles
ope in E�elsberg has a diameter of 100m. The largest radio teles
opeis the RATAN 600 17 teles
ope lo
ated in the north Cau
asus, Russia. The 600 standsfor the diameter of the re�e
tor whi
h is about 600m. This re�e
tor is not a dish but aring of re�e
ting panels whi
h re�e
t the signals to a 
entral 
one shaped re�e
tor whi
hfo
uses the signal. Due to this design RATAN 600 has only limited possibilities to sele
tthe teles
opes �eld of view. To improve the sensitivity and the angular resolution if radioteles
opes interferometry of multiple teles
opes is used. For example the VLA18 in NewMexi
o whi
h 
onsists of 27 dish antennas with a diameter of 25m arranged Y-shaped onrails to obtain a �exible array. Interferometry with radio teles
opes is also done on larges
ales with baselines of thousands of kilometers. As an example to mention here is theVLBA19. The VLBA uses 10 antennas spread over the US. The longest baseline betweentwo antennas is 8116 km.Infrared observationsThe observations in other wavelengths than radio, visible light and the near infrared aremostly done with satellites, sin
e other wavelengths are absorbed by the atmosphere. The�rst instrument for dedi
ated observation of the far infrared was IRAS20 whi
h did asky survey with 98% 
overage of the whole sky and operated from January to November
1983 [WGC+94℄. IRAS dete
ted hundreds of thousands of sour
es in four wavelengths,
12µm, 25µm, 60µm and 100µm. Infrared satellites have duty 
y
les whi
h are limited bythe supply of 
oolant, liquid hydrogen or liquid helium, on board. The infrared dete
torshave to be 
ooled down to a few K to be able to dete
t small �uxes. The infrared satellite
urrently operating is the Spitzer Spa
e Teles
ope or short Spitzer21. Spitzer observeswavelengths between 3µm and 180µm and was laun
hed in 2003. It uses a helio
entri
orbit sin
e in su
h an orbit the sun is always in the same dire
tion from the satellite16today radio astronomers measure the radio �ux density in units of Jansky: 1 Jy = 10−26 Wm2 Hz17
yrilli
 PATAH 600 - Radio Teles
ope of the a
ademy of s
ien
es18Very Large Array19Very Long Baseline Array20InfraRed Astronomi
al Satellite21named after Lyman Spitzer Jr., Ameri
an astrophysi
ist, driving for
e for the development of spa
eteles
opes
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les and their dete
tion 19and makes e�e
tive heat shielding possible [AR06℄. After observing for over �ve-and-a-half years the liquid helium supply was exhausted, sin
e then Spitzer is operating at atemperature of about 30K leaving the spe
trometers for the short wavelengths operable[SSWS09℄.Ultraviolet observationsOne of the �rst instruments that was designed for observations of astronomi
al obje
ts inthe ultraviolet (UV) light was on board the European TD-1 satellite whi
h was laun
hed
1972. TD-1 was also 
apable of measuring 
harged parti
les and X-rays. TD-1 did a UV skysurvey [B+73,T+78℄. Whi
h was the only UV sky survey until 2003 when GALEX22 waslaun
hed. GALEX measures in two wavelength bands, 1350 − 1370Å and 1750 − 2750Å,and its primary mission is an imaging all sky survey [M+05℄. The survey of TD-1 only
overed stars.X-ray observationsCosmi
 X-rays are like UV and infrared radiations only dete
table outside Earth's atmo-sphere. The �rst observation of X-rays 
oming from the sun were done 1949 with dete
torsatta
hed to the nose of a V2 ro
ket. Later X-ray dete
tors were mounted to satellite ex-periments. The today most 
apable instruments are the Chandra X-ray observatory23 andXMM-Newton24.Chandra was laun
hed 1999 and is able to dete
t X-rays with energies between 0.08 keV and
10 keV. For fo
using the X-rays Chandra uses hyperboli
 glass mirrors 
oated with iridium.For a detailed des
ription of Chandra see [WBC+02℄. XMM-Newton was laun
hed in 1999and is operating now for ten years dete
ting X-rays with energies of 0.1 keV−10 keV. Sin
eXMM-Newton has three independent X-ray teles
opes on board high resolution oservationsand spe
tros
opy 
an be done at the same time [Güd09℄. Next to dedi
ated X-ray teles
opesthere are multiple satellites whi
h are also able of dete
ting X-rays they will be addressednext.
γ-ray observationsA lot of satellite experiments laun
hed for astronomi
al observations were 
apable of de-te
ting γ-rays with energies of MeV to ∼ 100GeV. Energies larger than 100GeV areobserved indire
tly with IACTs, whi
h was des
ribed in subse
tion 2.5.1. Be
ause of thelarge variety of instruments only the latest instrument as an example will be mentionedhere. The at the moment most promising instrument is the Fermi Gamma Ray Spa
eTeles
ope, formerly known as GLAST25 whi
h was laun
hed in June 2008. The maininstrument on board the Fermi spa
e
raft is the Large Area Teles
ope (LAT) whi
h is 
ur-rently performing an all-sky gamma-ray survey from 30MeV to 300GeV. The LAT started22GALaxy Evolution EXplorer23named after the astronomer Subrahmanyan Chandrasekhar24X-ray Multi-Mirror Mission - Newton, named after Sir Isaa
 Newton.25Gamma-ray Large Area Spa
e Teles
ope
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le physi
soperations in August 2008 [Ran09℄. The se
ond instrument is the Gamma-ray Burst Mon-itor (GBM). The GBM is designed to dete
t GRBs, extend the energy range of the LATdown to ∼ 8 keV− ∼ 40MeV and to 
ompute GRB positions to relo
ate the spa
e
raft toallow detailed studies of GRBs at high energies with the LAT [M+09℄.2.5.3 Neutrinos from astrophysi
al sour
esYet another bran
h of astronomy is the neutrino astronomy. The neutrino was �rst postu-lated in 1930 in a private letter ex
hange between Wolfgang Pauli and the parti
ipants ofa 
ongress in Tübigen. Pauli derived the existen
e of the neutrino from the fa
t that theele
tron spe
trum of the β de
ay was 
ontinuous. Pauli 
alled the missing parti
le at thattime 'neutron' it was then later renamed to 'neutrino' by Enri
o Fermi to avoid 
onfusion.The neutrino was experimentally veri�ed by F. Reines and C. Cowen in 1956 using theinverse β de
ay [RC+56℄
νe + p → n + e+ .Reines and Cowen determined the anti neutrino intera
tion 
ross-se
tion to (11 ± 2.6) · 10−44 
m2per ν. Later investigations of the 
ross se
tion revealed a nearly linear dependen
e of the
ross se
tion from the energy:
σ(νN) = (0.682 ± 0.012) · 10−38 
m2 · Eν GeV−1for neutrino-nu
leon s
attering and
σ(νN) = (0.338 ± 0.007) · 10−38 
m2 · Eν GeV−1for anti-neutrino-nu
leon s
attering with Eν < 10TeV [S
h97℄.Neutrino produ
tion in astrophysi
al environmentsHigh-energy neutrinos observed at Earth are produ
ed in intera
tions of 
harged 
osmi
 rays.The neutrinos themselves are not a

elerated sin
e they are neutral. The most importantpro
ess for neutrino produ
tion is the de
ay of 
harged π mesons
π+ → µ+ νµ → e+ νe νµ νµas well as
π− → µ− νµ → e− νe νµ νµ .In the sour
es the 
harged mesons are produ
ed in hadroni
 intera
tions of protons, neu-trons and photons:
p p → X + p → p n π+

n p → ∆0 p → p p π−

p γ → ∆+ → n π+

n γ → ∆0 → p π− .
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les and their dete
tion 212.5.4 Neutrino dete
tionDue to their small intera
tion 
ross-se
tion and sin
e they are not 
harged neutrinos maytravel far distan
es from the sour
es without being absorbed like photons or de�e
ted like
harged 
osmi
 rays. Neutrinos may even 
arry information from inside the sour
es. How-ever, the advantage for the propagation turns into a 
hallange for the dete
tion. Althoughneutrinos from a 
osmi
 sour
e will intera
t with matter only rarely, there are ways todete
t neutrinos:Dete
tion with s
intillatorsThis dete
tion te
hnique uses elasti
 s
attering or 
harged 
urrent intera
tions to dete
tele
trons or positrons produ
ed in these intera
tions with s
intillators. As an example,the Borexino dete
tor, pla
ed in the underground at the Laboratori Nazionali del GranSasso (LNGS) in Italy, uses a liquid s
intillator to dete
t solar neutrinos. The dete
toruses elasti
 s
attering and dete
tion of the re
oil ele
trons. Borexino uses 200 t of liquids
intillator as inner dete
tor. The s
intillator is a mixture of 1,2,4-trimethylbenzene(PC)26and 2,5-diphenyloxazole (PPO)27. Around this inner sphere there is another sphere whi
h
arries 2112 PMTs for dete
ting the s
intillation light. The spa
e between the inner and theouter sphere is �lled with pure PC as a bu�er liquid. Both spheres form the inner dete
tor.The inner dete
tor is pla
ed in a water tank �lled with ultra pure water and equipped withPMTs as a veto [Lew09℄. Borexino has a threshold energy of 250 keV − 665 keV and 
andete
t solar neutrinos having energies in the range of a few MeV. For higher energies mu
hlarger dete
tor volumes are needed.Radio
hemi
al dete
tionDete
tors with radio
hemi
al methods to dete
t neutrinos use rea
tions where a targetnu
leus is transformed into a di�erent nu
leus in 
harged 
urrent intera
tions. Suited astarget material is for example Gallium whi
h is turned in the rea
tion
νe + 71Ga → 71Ge+e−into Germanium and an ele
tron. A dete
tor that uses Gallium as target is GNO28. GNOhas a 100 t Gallium Chloride target whi
h 
ontains 30.3 t of Gallium. After an experimentalrun the Germanium is 
hemi
ally extra
ted and the de
ays of the Germanium are 
ounted.One de
ay 
orresponds to one neutrino intera
tion, 71Ge de
ays with a half life time of

11.34 days. GNO has a dete
tion threshold of 233.2 keV whi
h makes it suitable for solarneutrinos [A+05℄.26C6H3(CH3)327C15H11NO28Gallium Neutrino Observatory
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le physi
sDete
tion using the �erenkov e�e
tSin
e the dete
tion of neutrinos with higher energies requires large dete
tor volumes, ra-dio
hemi
al dete
tors and s
intillator dete
tors rea
h their limits in size. Larger dete
tors
an be built using the �erenkov e�e
t (se
tion 2.5.1) to dete
t neutrinos. In prin
iple a�erenkov dete
tor uses a volume of intera
tion media whi
h is transparent for light. Thisintera
tion 
an be a 
harged 
urrent or neutral 
urrent intera
tion. In 
ase of a 
harged
urrent intera
tion of a ν with a nu
leon N a and lepton l is produ
ed
νl + N → X + l .Here, X indi
ates the hadroni
 produ
t of the intera
tion whi
h leads to a hadroni
 
as
ade.In 
ase of a neutral 
urrent intera
tion a hadroni
 produ
t and another neutrino is produ
ed
νl + N → X + νl .In a dete
tor the �erenkov light of the leptons and the hadroni
 
as
ades 
an be observedusing PMTs. As intera
tion and dete
tion medium water or i
e is suitable. A dete
torwhi
h uses i
e is I
eCube. I
eCube will be dis
ussed in detail in se
tion 4.2.Dete
tors using water 
an be either built as tanks �lled with water or in open sea. Anexample for the �rst 
ase is Super-Kamiokande29, lo
ated in the Mozumi mine of theKamioka Mining and Smelting Company near the village of Higashi-Mozumi, Gifu, Japan.The dete
tor 
onsists of a welded stainless-steel tank with 39m diameter and 42m tall witha total nominal water 
apa
ity of 50, 000 tons. For the dete
tion of the �erenkov light ituses 11, 146 PMTs fa
ing to the inside and as a veto 1885 PMTs fa
ing to the outside.The dete
tor is 
apable of measuring neutrinos from 4.5MeV to over 1TeV [F+03℄. Thepre
eding experiment to Super-Kamikande, Kamiokande-II, did the �rst dire
t observationin neutrino astronomy in 1987. Kamioka-II dete
ted neutrinos 
oming from the supernovaSN1987A [HKK+88℄.A proposed �erenkov neutrino dete
tor in the Mediterranean sea is KM3NeT30 whi
h isplanned to have 1 km3 of dete
tor volume instrumented. It is aimed that KM3NeT willbe able to dete
t neutrinos with energies starting at a few hundred GeV to above 10TeVwith a pointing resolution of 0.1 ◦ [Rap08℄. Currently there are three prototype dete
torsfor KM3NeT, NEMO31 [Dis09℄ NESTOR32 [AAB+06℄ and ANTARES33 [Bro09℄. Theseproje
ts are used to gain experien
e on the �eld of deep sea neutrino dete
tors, testingdi�erent 
on�gurations, hardware and sites for KM3NeT.A
ousti
 and radio dete
tion of neutrinosTo measure neutrinos at extremely high energies (EHEs) i.e. above 108 GeV, radio anda
ousti
 dete
tion te
hniques are being designed. The possibility that the �erenkov e�e
twas not just visible in visible light and UV but also in radio was �rst dis
ussed by Askaryan29Super-Kamioka Nu
leon De
ay Experiment30km3 Neutrino Teles
ope31NEutrino Mediterranean Observatory32Neutrino Extended Submarine Teles
ope with O
eanographi
 Resear
h Proje
t33Astronomy with a Neutrino Teles
ope and Abyss environmental RESear
h proje
t
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al neutrinos 23[Ask62℄, therefore 
alled Askaryan e�e
t. It was su

essfully observed in sand [SGW+01℄,salt [GSF+05℄ and i
e [GBB+07℄. The Askaryan e�e
t is used to dete
t EHE neutrinos atthe South Pole with the AURA34 experiment whi
h is the radio extension to I
eCube. The�rst radio re
eivers have been deployed to the i
e and were su

essfully tested [LRV08℄.The �rst experiment for a
ousti
 neutrino dete
tion was the SAUND35 experiment whi
hwas deployed into the o
ean [VGL05℄. There are also a
ousti
 extensions for ANTARES,the AMADEUS36 experiment [Lah09℄, and for I
eCube SPATS37 [Des09℄. The aim of thesedete
tors is to test the feasibility of 
onstru
ting an array of ∼ 10 km3 for the dete
tion ofneutrinos in the EeV regime.
2.6 Astrophysi
al neutrinosTwo sour
es of astrophysi
al neutrinos are 
on�rmed until today. One of these two sour
esis the sun. The observation of the neutrinos from the sun, whi
h are produ
ed in nu
learfusion pro
esses in the sun, led to the dis
overy of neutrino os
illations, see e.g. [SNO02℄.The se
ond 
on�rmed astrophysi
al neutrino sour
eXS was the supernova SN1987A. Fromthis supernova 24 events were observed within 13 s by �ve di�erent experiments [Hel87℄. In�gure 2.9 there is an overview of the neutrino energy spe
trum expe
ted over a wide rangeof energy from MeV up to EeV. The Cosmi
 Neutrino Ba
kground (CνB) is the equiva-lent to the 
osmi
 mi
rowave ba
kground. The CνB de
oupled in the Early Universe 1 safter the Big Bang, thus the temperature of the bla
kbody spe
trum today 
orrespondsto ∼ 1.9K and peaks at milli eV energies. This ba
kground is essentially predi
ted in thestandard model of 
osmology but it was yet not possible to test it experimentally due tothe small intera
tion 
ross se
tion of neutrinos at su
h small energies.The sun emits neutrinos in di�erent fusion pro
esses in the MeV range. In the �gure neu-trinos from the pp fusion 
hain and from the 7B 
hain are shown. The neutrino spe
trumof SN1987A lies at slightly higher energies, also indi
ated is the neutrino �ux of a super-nova in a distan
e of 10 kp
. A supernova at that distan
e will be observed by today'sneutrino teles
opes on
e it happens. Four orders of magnitudes lower and yet not testedis the �ux from SNRs ("reli
"). At energies above 0.1GeV the measured atmospheri
neutrino spe
trum is indi
ated measured by Fréjus (red squares) [D+95℄ and AMANDA(blue 
ir
les) [Mün07,MIC+05℄. At the highest energies a generi
 spe
trum for GRBs isshown [WB97,WB99℄ as well as the maximum 
ontribution from AGN [MPR01℄ and theexpe
ted �ux from absorbed protons by the GZK e�e
t [YT93℄. These neutrinos have notbeen observed yet due to the high atmospheri
 ba
kground and the limited sensitivity ofthe dete
tors. It is the aim of dete
tors like I
eCube and KM3NeT to dete
t those sour
es.The following se
tions will fo
us on neutrinos from AGN and GRBs, Starburst-Galaxiesas possiple neutrino sour
es will be dis
ussed in 
hapter 3.34Askaryan Under-i
e Radio Array35Study of A
ousti
 Ultra-high Neutrino Dete
tion36ANTARESModules for A
ousti
 DEte
tion Under Sea37South Pole A
ousti
 Test Setup
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s

Figure 2.9: The astrophysi
al neutrino spe
trum in
luding di�erent sour
e predi
tions.Fluxes from point sour
es have been s
aled by 1
4π in order to be 
ompara-ble to di�use spe
tra. Figure from [Be
08℄ after [Rou00℄. The atmospheri
predi
tion is averaged over the solid angle is taken from [VZ80℄, the atmo-spheri
 data are from the Fréjus experiment [D+95℄ (red squares) and fromthe AMANDA experiment [Mün07,MIC+05℄(blue 
ir
les). The �uxes basedon predi
tions are dashed, solid lines represent those �uxes already measured.2.6.1 AGN as neutrino sour
esIt is assumed in some intera
tion models that for ea
h 
lass of AGN the ele
tromagneti
emission is 
orrelated to a neutrino signal. The basi
 assumptions of the di�erent inter-a
tion models are summarized in table 2.1. The models are developed for di�erent AGN
lasses using di�erent signal hypotheses. The normalization of the neutrino spe
trum forea
h model is done using the either 
harged 
osmi
 rays or non-thermal photon emission
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al neutrinos 25Normalization ν 
orrelationSour
e 
lass wavelength to wavelength origin model(s)blazars CRs proton �ux, responsible jet [MPR01℄for pγ in the sour
e [MPE+03℄
> 100MeV 
as
aded π0 signal jet [MPR01℄
onne
ted to π± [MPE+03℄produ
tion leading to νs [Man95℄
> MeV 
as
aded π0 signal jet [Man95℄
onne
ted to π± [Ste05℄FSRQs radio jet-disk 
orrelation jet [BBR05a℄radio power ∼ total powerFR-II radio jet-disk 
orrelation jet [BBR05b℄radio power ∼ total powerradio quiet AGN X-ray 
as
aded π0 signal disk [SS96℄[NMB93℄[AM04℄Table 2.1: Neutrino models for A
tive Gala
ti
 Nu
lei. Table after [Be
08℄. More de-tailed des
ription see text.from the given sour
e 
lass. The 
osmi
 ray �ux gives eviden
e for proton a

eleration,these a

elerated protons intera
t with the photon �eld to produ
e neutrinos. The 
or-relation between neutrinos and photons with MeV to GeV energies 
an be present if thephotons arise from π0 de
ays. The π0 de
ays imply 
oin
ident produ
tion of 
harged pionswhi
h de
ay to leave neutrinos. Sin
e the radio power is 
onne
ted to the total powervia the jet-disk model [FB95,FMB95,FB99℄ the normalization to the radio signal of AGN
an be used. A fra
tion of the total power of the AGN goes into neutrinos. The X-rayemissions originate at the foot of the jet, in the 
ited models these X-rays are assumed tobe produ
ed in π0 de
ays and then 
as
aded down from TeV energies to X-ray wavelengthsin an opti
ally thi
k environment. For a more 
omprehensive dis
ussion of AGN neutrino�ux models see [Be
07℄ and [Be
08℄.2.6.2 Neutrinos from GRBsThree phases of non-thermal photon and neutrino emission are expe
ted: pre
ursors in thehours prior to the GRB [RMW03℄, emission during the prompt phase as well as afterglowemissions [WB00℄.Pre
ursor emissionThe basi
 idea of the pre
ursor model developed in [RMW03℄ is that a sho
k forms whenthe pre-GRB matter 
ollides with the wind of the 
entral pulsar or the SNR shell. Thesho
k environment yields a good target for neutrino produ
tion by a

elerated protons
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le physi
sintera
ting with thermal X-rays in the sub-stellar jet 
avity. At this point the burst isstill opaque to photon emission. These sho
ks happen at smaller radii than the promptemission and at lower boost fa
tors. It is also possible that the neutrino signal 
ould bea

ompanied by a signal in the far infrared. The low energy part of the neutrino spe
trum
omes from pp intera
tions and is proportional to E−2. At energies larger than 105 GeVthe neutrino �ux arises from pγ intera
tions.Prompt emissionThe prompt neutrino emission 
an be 
orrelated to ultra high energy 
osmi
 rays (UHE-CRs) sin
e protons are believed to be a

elerated in highly relativisti
 sho
ks. In turn thea

eleration of protons implies neutrino produ
tion through photo-hadroni
 intera
tions.The neutrino energy spe
trum during the prompt photon emission phase in a GRB wasdetermined by Waxman&Bah
all [WB97,WB99℄ and 
an be expressed as
dNν

dEν
= Aν · E−2

ν ·











E−αν+2
ν · ǫb

ν
αν−βν , Eν < ǫb

ν

E−βν+2
ν , ǫb

ν < Eν ≤ ǫS
ν

ǫS
ν · E−βν+1

ν , Eν > ǫS
ν .

(2.3)The spe
trum in
ludes two spe
tral indi
es, αν and βν , two break energies, ǫb
ν and ǫS

ν anda normalization fa
tor Aν . Their numeri
al values were determined to
αν = 1

βν = 2

ǫb
ν ≈ 3 · 106 GeV

ǫS
ν ≈ 3 · 107 GeV

Aν ∝ d−2

l .Both, the break energies as well as the spe
tral indi
es vary for ea
h individual burst asdes
ribed in [GHA+04,BSHR06℄. The normalization 
onstant Aν varies for ea
h individualsour
e. It depends on the luminosity distan
e (∝ 1

dl
2 ) as well as on the fra
tion of energytransferred into ele
trons and the fra
tion of energy transferred into 
harged pions. Inaddition, the normalization of the neutrino spe
trum s
ales with the luminosity of theburst. This released energy varies from burst to burst. In addition to this burst-to-burst�u
tuation, regular GRBs are distinguished from low-luminosity bursts. Regular, longbursts emit a total isotropi
 energy of 1052 erg for a duration (t90) of the burst of ≈ 10 s.Low-luminosity bursts last longer and and have a lower luminosity. Although only fewlow-luminosity bursts are observed yet, they are expe
ted to be mu
h more frequent thanregular GRBs. For this 
lass, an energy release of ∼ 1050 erg within around 1000 s isexpe
ted. The 
losest burst observed so far was GRB980425, whi
h was found to beasso
iated with the supernova SN1998bw [G+98℄. The host galaxy lies at a redshift of only

z = 0.0085 (∼ 4Mp
). This burst shows a total energy release of ∼ 1047 erg, whi
h is anextremely low-luminosity burst. As the luminosity distribution is not well-known at thispoint, due to low statisti
s, a �xed value of 1051 erg 38 is used in neutrino �ux models. Ana
tual burst 
an be about one order of magnitude more or less luminous.381 erg = 10−7 J
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al neutrinos 27Afterglow emissionThe afterglow emissions are produ
ed when the internal sho
ks from the original burst hitthe interstellar medium produ
ing external sho
ks [WB00℄. The syn
hrotron emission ofele
trons gives eviden
e to relativisti
 
harged parti
les whi
h implies neutrino produ
tionby the baryoni
 
omponent of the jet and the photon �eld. The a

eleration to su
h highenergies (Ep > 1020 eV) implies the neutrino produ
tion in proton-photon intera
tions inenvironments whi
h are opti
ally thi
k to proton-photon or proton-proton intera
tions. In[WB00℄ Waxman and Bah
all 
on
lude that a signi�
ant neutrino �ux is dire
tly 
orrelatedto the ele
tromagneti
 emission during the afterglow phase.2.6.3 Neutrinos from Starburst-GalaxiesStarburst-Galaxies are galaxies with a high star formation rate and thus also a high super-nova rate making them a possible neutrino sour
e. Starburst-Galaxies will be dis
ussed inmore detail in the next 
hapter.





3Starburst-GalaxiesThis thesis fo
usses mainly on a parti
ular type of galaxy, the Starburst-Galaxy. Inthe following Starburst-Galaxies will be introdu
ed and then dis
ussed in the 
ontext ofneutrino astronomy. An analysis with the aim to 
on�ne a possible neutrino �ux fromStarburst-Galaxies will be presented in 
hapter 5.Starburst-Galaxies di�er from late type galaxies ("normal" galaxies) through their en-han
ed star formation rate (SFR). An area with higher than average star formation a
-tivity is labeled as a starburst region. Thus Starburst-Galaxies are galaxies whi
h showan enhan
ed SFR. There is no 
ommon 
lassi�
ation s
heme for Starburst-Galaxies likefor the AGN and no uniform 
riteria that 
lassi�es galaxies as Starburst-Galaxies. To
lassify a galaxy the SFR is evaluated. There are several methods to obtain the SFR inStarburst-Galaxies. The SFR 
an be 
al
ulated by evaluating the HCN and IR emissionsfrom the galaxy. The HCN luminosity is a measure for the density of mole
ular gas whi
his ne
essary to indu
e star formation. The SFR in dependen
e of HCN luminosity wasdetermined to [GS04b℄
SFRHCN ≈ 1.8 · 107

(

LHCN sKkmp
2 ) M⊙yr . (3.1)In [GS04b℄ the fra
tion of HCN to CO luminosity LHCN
LCO is proposed as an indi
ator forStarburst-Galaxies. For galaxies investigated in [GS04b℄ the authors �nd LHCN

LCO ≈ 0.1 −
0.25. The HCN and other mole
ular luminosities are measured as line emissions at radiowavelengths. The SFR in dependen
e of the IR luminosity is given by

SFRIR ≈ 2 · 10−10

(

LIR
L⊙

) M⊙yr . (3.2)The above relations were obtained using a survey in HCN [GS04a℄. The SFR 
an alsobe obtained by evaluating measurements in other wavelengths. In [SW09℄ the SFR wasdetermined from the poly aromati
 hydro
arbon (PAH) luminosity whi
h is measured inthe mid-infrared at a wavelength of 7.7µm from the radio luminosity at 1.4GHz and fromfar-ultraviolet luminosity for a sample of 287 Starburst-Galaxies also measured in infraredby Spitzer. It was derived that galaxies that were luminous in infrared were dustier. Dustand mole
ular 
louds are ne
essary for star formation, the mole
ular 
louds are mainly
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louds whi
h serve as fuel for the star formation. The gas and dust is thenheated by the star forming pro
esses and emitting the energy gained as infrared radiation.Starburst-Galaxies emit up to 98% of their energy as infrared light while the Galaxy emitsonly 30% and the Andromeda galaxy a few per
ent [CO96℄. Thus Starburst-Galaxiesare extremely bright in infrared, they are ultra luminous infrared galaxies (ULIRGs) orluminous infrared galaxies (LIRGs). Most of the star formation o

urs within about onekiloparse
 around the 
enter of the galaxies but there are also Starburst-Galaxies wherethe star formation o

urs throughout the disk. The star formation has to be triggered,i.e. the gas has to be 
ondensed to start the star forming pro
ess. The star formation isoften triggered by a merging pro
ess of two galaxies. In su
h a pro
ess the gas be
omes
on
entrated in the 
enter sin
e stars and gas of the 
olliding galaxies rea
t di�erently tothe impa
t of the intruding galaxy. The gas is moving out in front of the stars as they orbitthe gala
ti
 
enter. The gravity of these stars pulls ba
k on the gas and the resulting torqueon the gas redu
es its angular momentum 
ausing it to plunge in the gala
ti
 
enter. Whilethe two galaxies merge more angular momentum is lost and sho
k fronts then 
ompressand heat the gas, a starburst begins [CO96℄. In a typi
al Starburst-Galaxy between 10and 300 M⊙ of gas are turned into stars per year. For 
omparison in the Galaxy there aretwo to three stars formed ea
h year. This high rate of star formation is typi
ally kept for
108 − 109 years. Not all Starburst-Galaxies have their star forming regions in the 
enter,some of them have them spread over the gala
ti
 disk. A me
hanism whi
h triggers thestar formation almost simultaneously in the whole disk is not found yet. An empiri
allaw that 
onne
ts the SFR to the gas density in a galaxy was found for normal galaxiesin 1959 [S
h59℄ and later extended to star forming galaxies by Kenni
utt [Ken98℄ thisexpression is known as the Kenni
utt-S
hmidt-Law :

SFR ∝ Σgas1.4 (3.3)Here, Σgas is the gas density per unit area and SFR the star formation rate per unit area.The exponent 1.4 was determined empiri
ally from observational data.There 
an be a 
onne
tion between the evolution of Starburst-Galaxies and AGN, seee.g. [VBD08, CWY+09℄. The 
entral bla
k hole is believed to be fed by star forminga
tivities in the torus of the AGN. Thus some galaxies 
an be 
lassi�ed as both AGN andStarburst-Galaxy.Re
ent observations of the Starburst-Galaxies M82 [A+09f℄ and NGC253 [A+09g℄ in TeVgamma rays (Eγ > 700GeV for M82 and Eγ > 220GeV for NGC253) as well as theobservation of both in GeV gamma rays (Eγ > 200MeV) by the Fermi LAT [A+09d℄ yielda strong support to the 
onne
tion of 
osmi
 ray a

eleration and star formation, indi
atingthat supernovae and massive star winds are the dominant a

elerators. Both galaxies havethe starburst region around their nu
leus [VAB96,Ulv00℄. No variability in gamma rayswas observed whi
h agrees with the emission of the gamma rays from di�use 
osmi
 rayintera
tions, though small variations in gamma �ux might o

ur if a supernova re
entlyhappened in the galaxy [K+00, B+09b℄. Large variations on short times
ales would ruleout the possibility of the gamma rays being of 
osmi
 ray origin. A power law behaviorwas observed between GeV and TeV energies whi
h suggests that a single physi
al emissionme
hanism dominates the prodi
tion of gamma rays at these energies [A+09d℄.



3.1. A lo
al sample of Starburst-Galaxies 313.1 A lo
al sample of Starburst-GalaxiesIn this se
tion, a sample of lo
al Starburst-Galaxies is presented. The folowing �ndings aswell as the sour
e 
atalog was already published in [BBDK09℄. The data of the individualsour
es are presented in appendix A. Only lo
al sour
es are 
onsidered, sin
e the aimof this thesis is to investigate the 
losest sour
es. The 
atalog presented here 
onsistsof a total of 127 Starburst-Galaxies. This is a sub-sample from a larger sample of 309Starburst-Galaxies, applying 
uts at both FIR and radio wavelengths to ensure a 
omplete,lo
al sample. The initially 309 sour
es were all 
lassi��ed as Starburst-Galaxies earlier[RFG98,CTR05,T+06℄ and hen
e, no spe
tros
opi
 
lassi�
ation of the sample of starburstsis presented here. The 
uts on the initial sample of 309 sour
es are dis
ussed in the followingparagraphs. Also, a small 
ontamination of Seyfert galaxies, as only a small fra
tion of thesour
es have X-ray measurements is possible. This 
ontamination is, however, expe
ted tobe negligible. Di�erent tests were performed in order to verify that the 
onsidered galaxiesare indeed starbursts, as presented in the following paragraphs. In order to minimize
ontamination from Seyfert galaxies, only sour
es with high ratios of FIR to radio �uxdensity, i.e. S60µ/S
1.4GHz > 30 are used. Here, S60µ is the �ux measured in FIR at 60µmwavelength and S

1.4GHz is the radio �ux measured at 1.4GHz. To test if the sample
onsists of Starburst-Galaxies as opposed to regular galaxies, the 
orrelation between radiopower and FIR luminosity is 
he
ked wether it is a dire
t proportionality. Apart from that,the main 
riterion for the 
atalog is that the sour
es are 
loser than z < 0.03, and thatthey have both radio and IR dete
tions. The latter gives information about the ratio ofthe IR to radio signal, whi
h is required to be larger than 30. This ensures a high IR
omponent 
ompared to the radio part, leaving mostly starbursts and only few Seyfertgalaxies. Further, sensitivity 
uts are applied, sour
es with a �ux density > 4 Jy at 60µmand a radio �ux density at 1.4GHz larger than 20mJy are in
luded. Figures 3.1 and3.2 show the 60µm resp. 1.4GHz luminosity of Starburst-Galaxies versus their luminositydistan
e. The dotted lines represent the sensitivity for 4 Jy, resp. 20mJy. Crosses representall 309 sour
es sele
ted in the beginning, squares show those 127 sour
es remaining afterthe 
uts at S
1.4GHz > 20mJy and S60µ > 4 Jy, as well as z < 0.03. Those 
uts areapplied in order to ensure a 
omplete, lo
al sample in both FIR and radio wavelengths.Sin
e the sour
es are 
loser than z = 0.03, many of the starbursts are lo
ated in thesupergala
ti
 plane. Their spatial distribution should therefore be a �at 
ylinder witha further more spheri
al 
omponent, for those sour
es not in the supergala
ti
 plane.Therefore it is expe
ted that the number of sour
es with a �ux density larger than S,

N(> S), should follow a behavior of S−1 − S−1.5. A pure S−1−behavior is expe
ted for a�at 
ylinder, while a spheri
al distribution results in an S−1.5−behavior. Figure 3.3 showsthe logarithmi
 number of sour
es above an FIR �ux density S60µ. The data was �ttedwith the following fun
tion:
N(> S) = N0 · (S + S0)

−β (3.4)
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Figure 3.1: 60µ luminosity - distan
e diagram. Crosses indi
ate all 309 pre-sele
tedStarburst-Galaxies, squares show those remaining after the 
uts S
1.4GHz >

20mJy and S60µ > 4 Jy and z < 0.03. The dashed line shows the sensitivityfor S60µ > 4 jy.Here, N0, S0 and β are �t parameters. The �t parameters are determined using a log-likelyhood method:
N0 = 3155 ± 1297.9

S0 = (10.56 ± 3.78) Jy
β = 1.2 ± 0.2 .The behavior N(> S) ∼ S−1.2±0.2 mat
hes the expe
tation that the fun
tion should liebetween S−1.0−S−1.5. In the following paragraphs, further investigations are done whetherthe 
lassi�
ation of the 127 sour
es as starbursts is justi�ed.3.1.1 FIR luminosity versus Radio powerLooking at a well de�ned sample of galaxies, it turns out that the 
orrelation between radioand far-infrared (FIR) emission is not linear, i.e., that the radio luminosity is proportionalto the far-infrared luminosity to the power 1.30 ± 0.03 [X+94℄. As Xu and 
ollaborators
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Figure 3.2: 1.4GHz luminosity - distan
e diagram. Same notation as Fig. 3.1. Thedashed line shows the sensitivity for S
1.4GHz > 20mJy.note, the far-infrared emission has two heating sour
es, stars that later do explode assupernova remnants, and also stars, that will never explode as supernovae. This se
ondpopulation of stars needs to be 
orre
ted for, and their 
ontribution to the dust heatingneeds to be eliminated. This then leads to a 
orre
ted far-infrared luminosity, whi
h isdire
tly proportional to the radio luminosity [X+94℄. The proportionality holds along adisk in a galaxy, even for fairly short lived phases like a starburst, su
h as in M82, and thusrequires 
learly lo
al physi
s, with a short readjustment time s
ale. This poses a severedi�
ulty for any proposal to explain the radio/FIR 
orrelation. The FIR luminosity in therange of 60µm and 100µm is given as [X+94℄:

LFIR := 4π d2
l · FFIR . (3.5)Here, dl is the luminosity distan
e of the individual sour
es and

FFIR := 1.26 · 10−14 ·
[

2.58 ·
(

S60µ

Jy

)

+

(

S100µJy )] Wm−2 (3.6)is the FIR �ux density at Earth as de�ned in [H+88℄. The normalization fa
tor 
omesfrom the frequen
y integration and from the 
onversion of Jy to W/m2/Hz. In Fig. 3.4,the logarithm of the radio power at 1.4GHz, P
1.4GHz versus the logarithm of the FIR
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Figure 3.3: log N − log S representation of the 
atalog. An S−1.2−�t mat
hes the datani
ely, with a turnover at S0 = 10.56 Jy.luminosity LFIR is shown for the 
atalog. The 
ir
les show the single sour
es and the solidline is a �t through the data. The �t yields a 
orrelation of
P

1.4GHz ∝ LFIR
1.1 . (3.7)As only 11 out of the 127 radio measurements have errors, it is di�
ult to estimate theexa
t error on this result. If the average of 4.1% un
ertainty, whi
h was derived from theknown 11 errors, is used an un
ertainty to the spe
tral index of around 10% is obtained.Therefore, it is expe
ted that the majority of sour
es in the sample are starbursts.3.1.2 Infrared to radio �ux density ratioGenerally, regular galaxies are distinguished from a
tive galaxies by their ratio of the FIR�ux density at 60µm, S60µ, and the radio �ux density at 1.4 GHz, S

1.4GHz:
s
60µ/1.4GHz :=

S60µ

S
1.4GHz . (3.8)For Seyfert galaxies, this ratio is about s

60µ/1.4GHz ∼ 10, while it is signi�
antly higherin the 
ase of starburst galaxies, s
60µ/1.4GHz ∼ 300. While most of the Seyfert galaxies
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Figure 3.4: Radio power P
1.4GHz at ν = 1.4GHz versus FIR luminosity LFIR. A pro-portionality of P

1.4GHz ∝ L1.1
FIR is found.are removed from the sample using this method, a small fra
tion 
an still be present. Thehistogram of the ratio between the FIR �ux density at 60µm and the radio �ux densityat 1.4 GHz is shown in Fig. 3.5. All 127 sour
es have a ratio of s

60µ/1.4GHz > 30, whi
h
on�rms that the majority of the sour
es are not likely to be Seyferts, leaving behind onlya small fra
tion of potential Seyferts.3.1.3 Radio to Infrared and X-ray to Infrared spe
tral indi
esA further 
riterion of distinguishing regular galaxies and Seyferts is their spe
tral indexfrom X-ray to IR (XIR) and from radio to IR (RIR). The diagram of the XIR (1 keVto 60µm) versus RIR (5GHz to 60µm) index of the sour
es is shown in Fig. 3.6. De-rived from �gure 3 in [R+93℄, Starburst-Galaxies have spe
tral indi
es s
attering around(RIR,XIR)starburst ∼ (0.6, −1.9), Seyfert I galaxies show (RIR,XIR)Sy−I ∼ (0.48, −1.2),Seyfert II galaxies have (RIR,XIR)Sy−II ∼ (0.47, −1.6) and quasars are lo
ated at(RIR,XIR)quasar ∼ (0.28, −1.1).The values for the RIR and XIR indi
es of Starburst-Galaxies given by [CKB89℄ areslightly higher, whi
h mat
hes the sample examined here: [CKB89℄ give a RIR indexof 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 �ux density at 60µm and at 1.4GHz. All sour
es in the samplehave ratios larger than 30, whi
h indi
ates a high star formation rate. Themedian is around 100. This mat
hes previous investigations, e.g. [BEW85℄,who �nd a mean value of 250 at higher radio frequen
ies, ν = 5GHz.
(RIR, XIR) = (0.82 ± 0.01, −1.77 ± 0.021) whi
h is 
ompatible with the expe
ted result.Still, no X-ray data for all the sour
es is availiable, so there may still be some 
ontam-ination from both Seyferts and regular galaxies in the sample, whi
h is expe
ted to benegligible.3.2 Starburst-Galaxies as neutrino sour
esAs stated in [BBDK09℄, the 
osmi
 ray intensity from Starburst-Galaxies s
ales with theradio and infrared emission of the sour
es. There are two sour
e 
lasses within starburststhat 
an a

elerate 
osmi
 rays to high energies, namely sho
k fronts of supernova remnantsand long Gamma Ray Bursts (GRBs), both dis
ussed in se
tion 2.4. In the �rst 
ase,maximum energies are limited to less than 1015 eV and thus, the 
osmi
 rays from starbursts
annot be observed dire
tly due to the high 
osmi
 ray ba
kground in our own Galaxy.Gamma Ray Bursts, on the other hand, were proposed as the origin of 
osmi
 rays abovethe ankle, i.e. ECR > 3 · 1018 eV, see [Vie95, Wax95℄. Sin
e a high star formation rate
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Figure 3.6: Radio-to-IR spe
tral index versus X-ray-to-IR spe
tral index. The 
rossesrepresent those 48 sour
es in the 
atalog with radio, FIR and X-ray measure-ments. The triangle shows the average of the values. The open 
ir
le showsthe average lo
ation of Seyfert I galaxies, the open square represents averageSeyfert II galaxies and the star indi
ates QSOs. The last three values aretaken from [R+93℄. Note that individual galaxies s
atter around the givenvalues [CKB89℄.as it is present in Starburst-Galaxies, leads to a high rate of supernova explosions, anenhan
ed rate of long GRBs is expe
ted. Thus, for 
loseby sour
es, the distribution ofStarburst-Galaxies 
an be used to test the hypothesis of 
osmi
 rays from starbursts, asalso dis
ussed in [B+09a℄. The di�use high energy neutrino �ux from Starburst-Galaxies
an be 
al
ulated using the supernova rate as done in [BBDK09℄. In this 
al
ulation theSNR are expe
ted to a

elerate parti
les up to energies below 1015 eV sin
e SNR in theGalaxy do the same. The 
al
ulated neutrino spe
trum shows a 
ut o� at about 1015 eVsin
e protons are not expe
ted to be a

elerated beyond this energy in SNR. The 
al
ulateddi�use neutrino �ux from Starburst-Galaxies is shown in �gure 3.7 and it is out of rea
hfor neutrino dete
tors like AMANDA and I
eCube. For a des
ription of these dete
torssee se
tion 4. Previously a �ux predi
tion by Loeb and Waxman was given [LW06℄ whi
hderived the neutrino �ux from the FIR luminosity assuming that 100% of the di�use FIRba
kground derives from Starburst-Galaxies. This yields a quite high �ux predi
tion whi
h
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Figure 3.7: Expe
ted di�use high-energy neutrino �ux from SNRs in Starburst-Galaxies.Data points show the atmospheri
 neutrino ba
kground as measured by theAMANDA experiment (data between 2000 and 2003) [M+07,Mün07℄. Thepredi
tion of atmospheri
 neutrinos is taken from [Vol80℄. AMANDA limitsare for the same data sample, derived from the fa
t that no signi�
ant ex
essabove the atmospheri
 ba
kground was observed. The dot-dashed line showsthe predi
tion by [LW06℄. Figure taken from [BBDK09℄.was doubted by Ste
ker [Ste07℄. He pointed out that only 23% of the FIR ba
kgroundoriginates from Starburst-Galaxies.3.2.1 Gamma Ray Bursts and starburstsStarburst-Galaxies show an enhan
ed rate of supernova explosions due to their large starformation rate. Thus an in
reasing rate of long Gamma Ray Bursts (GRBs) dire
tly linkedto SN-I
 events [M+03b℄ is expe
ted. If long GRBs are the dominant sour
es of UHECRs,the 
ontribution from nearby obje
ts should follow the distribution of Starburst-Galaxies.In the following 
al
ulations, it is assumed that every SN-I
 explosion is a

ompanied by aparti
le jet along the former star's rotation axis, i.e. by a GRB. The opening angle of the
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es 39GRB jet, θ determines, how many SN-I
 
an be observed as GRBs, see e.g. [B+03,R+08℄.
ṅGRB = ǫ · ṅSN−Ic. (3.9)Here, ṅGRB is the GRB rate in a galaxy and ǫ = (1− cos(θ)) is the fra
tion of SN-I
 whi
h
an be seen as GRB. The opening angle is expe
ted to be less than ∼ 10◦ for the promptemission. Afterglow emissions and pre
ursors 
an have a larger opening angles [M+08℄.Putting the fo
us on prompt emission, an optimisti
 opening angle of ∼ 10◦ is used,yielding
ǫ = 0.015. (3.10)Further, observational data show that 
ore 
ollapse supernovae of type I
 
ontribute with

11% to the total supernova rate in starbursts [CT01℄. Using equation 3.9 the GRB rate ina starburst galaxy is dire
tly 
orrelated to the supernova rate ṅSN ,
ṅGRB = ǫ · ξ · ṅSN (3.11)with ξ ∼ 0.11 as the fra
tion of heavy SN among all SN. The supernova rate is 
orrelatedwith the FIR luminosity of the galaxy [M+03a℄,
ṅSN = (2.4 ± 0.1) · 10−12 ·

(

LFIR

L⊙

) yr−1. (3.12)The FIR luminosity is expressed in terms of the solar luminosity L⊙ = 3.839 ·1033ergs andis given in the range of 60µm and 100µm by [X+94℄
LFIR = 4πd2

l · FFIR. (3.13)Here, dl is the luminosity distan
e of the individual sour
e and
FFIR = 1.26 · 10−14 ·

(

2.58 · S60/µ + S100µ

)Wm2 (3.14)is the FIR �ux density as de�ned in [H+88℄. S60µ and S100µ are the measured �ux densitiesat 60µm and 100µm, both measured in Jy. Using equation 3.12 to determine the supernovarate, equation 3.11 yields a rate of
ṅGRB = 3.8 · 10−15 ·

(

LFIR

L⊙

)

·
( ǫ

0.015

)

·
(

ξ

0.11

) yr−1 (3.15)per starburst. For a 1 km3 neutrino dete
tor with a lifetime of 10 years (like I
eCube orKM3NeT) luminosities of around 3 · 1013 · L⊙ ∼ 1047 ergs are required for a single eventwithin these 10 years. None of the sour
es in the 
atalog provides su
h a high luminosity.However, if a larger number of starbursts is 
onsidered for an analysis, the total luminosityin
reases and so does the probability of observing a GRB. Figure 3.8 shows the total GRBrate for a number of Nstarbursts galaxies,
ṅtot

GRB(Nstarbursts) =

Nstarbursts
∑

i=1

ṅGRB(ith starburst). (3.16)
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Figure 3.8: Number of GRBs per year in the starburst 
atalog, in
luding Nstarburstssour
es, starting with the strongest one. The total GRB rate in the sam-ple, in
luding all 127 sour
es is 0.03 yr−1, this means that a GRB 
ould beobserved every 30 years on average. The total GRB rate just in the northernhemisphere is 0.02 yr−1 or an o

urren
e every 50 years, the data shown insquares. These sour
e lie in I
eCube's FoV.
In the �gure the GRB rates a
hieved in the single starbursts are summed up, starting withthe most luminous sour
e, adding sour
es in des
ending luminosity order. The points showthe GRB rate summing up over all starbursts in the sample, starting with the strongestone and adding the next strongest sour
es subsequently. On total, 0.03 GRBs per yearare expe
ted to be observable in the sample. The squares display the total GRB rate,summing up sour
es in the northern hemisphere, whi
h 
orresponds to I
eCube's Fieldof View (FoV). Here, 0.02 GRBs per year are expe
ted. This number 
an be enhan
edsigni�
antly when taking weaker sour
es into a

ount whi
h were not in
luded in the samplein order to ensure 
ompleteness, see se
tion 3.1.



3.3. Enhan
ed neutrino �ux from GRBs in starbursts 413.3 Enhan
ed neutrino �ux from GRBs in starburstsDue to the high atmospheri
 ba
kground seen by high-energy neutrino teles
opes, thedete
tion of a di�use 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 inneutrinos. In su
h an analysis, the lo
ation of a nearby starburst 
an be 
hosen as apotential neutrino hot-spot. By sele
ting a time window of the typi
al duration of a longGRB (∼ 100 s) the atmospheri
 ba
kground 
an then be redu
ed to 
lose to zero. In this
ontext the general neutrino intensity and in parti
ular the possibility of neutrino dete
tionwith I
eCube are dis
ussed.For the �rst time the neutrino energy spe
trum during the prompt photon emission phasein a GRB was determined by Waxman&Bah
all [WB97,WB99℄ and 
an be expressed as
dNν

dEν
= Aν · E−2

ν ·











E−αν+2
ν · ǫb

ν
αν−βν , Eν < ǫb

ν

E−βν+2
ν , ǫb

ν < Eν ≤ ǫS
ν

ǫS
ν · E−βν+1

ν , Eν > ǫS
ν .

(3.17)The spe
trum in
ludes two spe
tral indi
es, αν and βν , two break energies, ǫb
ν and ǫS

ν anda normalization fa
tor Aν . For the GRBs in starbursts, these parameters were dis
ussedin detail in [BBDK09℄. Their numeri
al values were determined to
αν = 1

βν = 2

ǫb
ν ≈ 3 · 106 GeV

ǫS
ν ≈ 3 · 107 GeV

Aν ∝ d−2

l .The normalization 
onstant Aν is 
al
ulated for ea
h individual sour
e. It depends on d−2
las well as on the fra
tion of energy transferred into ele
trons and the fra
tion of energytransferred into 
harged pions. In addition, the normalization of the neutrino spe
trums
ales with the luminosity of the burst. This released energy varies from burst to burst.In addition to this burst-to-burst �u
tuation, regular GRBs are distinguished from low-luminosity bursts. Regular, long bursts emit a total isotropi
 energy of 1052 erg for aduration (t90) of the burst of ≈ 10 s. Low-luminosity bursts last longer and and havea lower luminosity. Although only few low-luminosity bursts are observed yet, they areexpe
ted to be mu
h more frequent than regular GRBs. For this 
lass, an energy releaseof ∼ 1050 erg within around 1000 s is expe
ted. The 
losest burst observed so far wasGRB980425, whi
h was found to be asso
iated with the supernova SN1998bw [G+98℄. Thehost galaxy lies at a redshift of only z = 0.0085. This burst shows a total energy release of

∼ 1047 erg, whi
h is an extremely low-luminosity burst. As the luminosity distribution isnot well-known at this point, due to low statisti
s, a �xed value of 1051 erg was used. Ana
tual burst 
an be about one order of magnitude more or less luminous. Now, to estimatethe neutrino �ux from a standard GRB for a single starburst in the sample, dependenton the distan
e of the starburst, the normalization is 
al
ulated. The other parametersare kept 
onstant and hen
e the results 
an only serve as a rough estimate. Both the



42 3. Starburst-Galaxiesbreak energies as well as the spe
tral indi
es vary for ea
h individual burst as des
ribedin [G+04℄.Expe
ted event rates in I
eCubeAs shown in �gure 3.8, 0.02 GRBs per year are expe
ted to o

ur in the 96 starbursts inthe sample in the northern hemisphere, I
eCube's FoV. However, this rate 
an be enhan
edif all sour
es in the northern hemisphere would be taken into a

ount. For 
ompletenessreasons only the brightest ones were 
onsidered here. This enhan
es the possibility todete
t a GRB from a starburst in the super gala
ti
 plane within the lifetime (10 years) ofI
eCube. The prospe
ts for KM3NeT are slightly worse, sin
e only 0.01 GRB per year isexpe
ted in the southern hemisphere, where KM3NeT's FoV will be fo
used. The numberof events per GRB expe
ted in I
eCube 
an be 
al
ulated by folding I
eCube's e�e
tivearea Aeff [Mon08℄ with the GRB spe
trum dNν/dEν

Nevents =

∫ ∞

Eth

Aeff(Eν) · dNν

dEν
dEν . (3.18)Here, the weak dependen
e of the Aeff from the de
lination of the burst is negle
ted. Forthe threshold energy Eth = 100GeV is used. This is the general dete
tion threshold ofI
eCube [A+04℄. Sin
e events 
an be sele
ted in a small time window with the typi
alduration of a long GRB, 10 − 100 s, the atmospheri
 ba
kground 
an be redu
ed 
lose tozero. Figure 3.9 shows the histogram of the numbers of events expe
ted in I
eCube froman average GRB with an isotropi
 energy of Eiso

γ = 1051 erg from the 96 starbursts in thesample. These numbers range from 0.1 to about 300 events per burst, depending on thedistan
e of its host galaxy. These numbers lie between 1 and 5 orders of magnitude abovethe numbers of events for GRBs typi
ally observed by satellite experiments like Swift,BATSE and Fermi. If su
h GRB o

urs in the sample of Starburst-Galaxies presentedhere it is a unique opportunity to study the hadroni
 
omponent of GRBs.
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Figure 3.9: Histogram of the number of events in I
eCube from the 96 starburst galaxiesin the northern hemisphere. Depending on the distan
e of the starburst, aburst would result in between 0.1 and several 100 events in I
eCube in a smalltime window of 10 − 100 se
onds. A regular burst at z ∼ 1 − 2 gives only
0.027 events as indi
ated in the �gure. The main reason for the in
reasedsignal is that the bursts would 
ome from starbursts 
loser than z = 0.03.





4Neutrino teles
opesat the South PoleIn this 
hapter the two neutrino dete
tors lo
ated at the South Pole, AMANDA 1 andI
eCube are des
ribed. As in this thesis, data from both AMANDA and I
eCube havebeen used to perform analyses on the sear
h of neutrinos from point sour
e 
lasses. Cur-rently operational is I
eCube, the AMANDA dete
tor was the prede
essor of I
eCubeand has been de
ommissioned. Both dete
tors use the �erenkov light produ
ed by se
-ondary parti
les produ
ed in neutrino intera
tions in the i
e. Neutrino dete
tion using the�erenkov e�e
t was explained in se
tion 2.5.4. The infrastru
ture for building and runningexperiments like AMANDA and I
eCube at the South Pole is provided by the Amundsen-S
ott South Pole station, this station provides power for the dete
tors and habitation forthe personnel.4.1 The AMANDA teles
opeAMANDA was the �rst neutrino dete
tor to be built in i
e. AMANDA 
onsists of 677 pho-tomultipliers (PMTs) whi
h are situated between 1500m and 2000m deep in the antar
ti
i
e shield. Ea
h PMT is housed in a glass sphere as a pressure housing together witha voltage divider. The PMTs 
ontained in the glass spheres are 
alled opti
al modules(OMs). The OMs are used to dete
t �erenkov radiation produ
ed by se
ondary parti
leswhi
h were produ
ed in neutrino intera
tions in the i
e. The PMTs in the OMs are lookingdownwards be
ause it is aimed to dete
t light from upward going parti
les. Upward goingparti
les were most likely produ
ed by a neutrino from an extra terrestrial sour
e sin
eneutrinos 
an travel through the Earth. Downward going parti
les are mainly produ
ed inthe Earth's atmosphere. The OMs are 
onne
ted to steel 
ables, ea
h holding between 10and 42 OMs. These steel 
ables with the OMs are 
alled strings and AMANDA 
onsistsof 19 strings. Along ea
h string a 
able for the high voltage supply and the signal trans-mission leads from ea
h OM into the Martin A. Pomerantz Observatory (MAPO) whi
hhouses the data a
quisition systems and high voltage supplies for AMANDA. AMANDA1Antar
ti
 Muon And Neutrino Dete
tor Array



46 4. Neutrino teles
opes at the South Polehas been built from 1993 until 2000. In its �nal stage the dete
tor is 
alled AMANDA-II.To 
onne
t the OMs to the MAPO ele
tri
al 
ables as well as opti
al �bers are used. Inan ele
tri
al 
hannel a pulse widens up from its typi
al length of ∼ 20ns to ∼ 200ns. Inan opti
al 
hannel the pulse keeps its length of ∼ 20ns sin
e there is almost no dispersionin opti
al �bers.AMANDA delivered valuable results su
h as �ux limits on the neutrino �ux from pointsour
es [A+09b℄ and the atmospheri
 neutrino �ux [Mün07,M+07℄. Although AMANDAwould be still operable it was de
ided to shut it down to 
onserve ele
tri
al power whi
h isquite limited at the South Pole. AMANDA was de
ommissioned on May 11th 2009 aftereight years of operation in its �nal 
on�guration. The su

ess of AMANDA paved theway for building an even larger neutrino teles
ope at the South Pole, the I
eCube dete
torwhi
h will instrument about a km3 of i
e. I
eCube will be des
ribed in the next se
tion.4.2 The I
eCube neutrino teles
opeThe I
eCube dete
tor is the larger su

essor of AMANDA. It uses the same dete
tionte
hnique and is designed to dete
t neutrinos in an energy range from initially ∼ 100GeVto 1EeV. I
eCube has three subdete
tors, the part inside the i
e 
alled InI
e, an airshowerarray at the surfa
e 
alled I
eTop and a low energy extension in the i
e 
alled DeepCore.I
eCube is 
urrently under 
onstru
tion, ea
h of the subdete
ors will be explained in thefollowing. Figure 4.1 shows I
eCube in its �nal 
on�guration.4.2.1 The InI
e dete
torThe InI
e dete
tor of I
eCube in its �nal stage is planned to 
onsist of 5160 digital opti
almodules (DOMs), an improved version of the AMANDA OMs, deployed between 1450mand 2450m in the antar
ti
 i
e [Kar08℄. The main di�eren
e between the AMANDA OMsand the I
eCube DOMs is that in the I
eCube DOMs the PMT signals are digitized inand then sent to the surfa
e. Transmitting the PMT pulses in digital form the pulsesdo not su�er from dispersion like it was the 
ase with AMANDA. The signals are sentthrough twisted pair 
ables to the surfa
e. During 
onstru
tion the dete
tor is alreadytaking data and analyses are performed with this data. The �rst string of I
eCube wasYear Dete
tor Strings deployed Total strings2004/2005 String-21 1 12005/2006 IC-9 8 92006/2007 IC-22 13 222007/2008 IC-40 18 402008/2009 IC-59 19 59Table 4.1: The di�erent stages 
ompleted so far during 
onstru
tion of the InI
e dete
torof I
eCube.deployed in the austral summer 2004/2005, another eight strings one year later forming the
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Figure 4.1: The I
eCube dete
tor in
luding InI
e, I
eTop and DeepCore [Col09℄.9-string dete
tor (IC-9). In the season 2006/2007 13 more strings were deployed makingup the 22-string dete
tor (IC-22), the data from this dete
tor 
on�guration was used inthis thesis. The next stage of the dete
tor was IC-40 with the installation of another 18strings in the summer 2007/2008. In the latest season, 2008/2009 19 strings (in
ludingone string for DeepCore) were deployed extending the dete
tor to 59 strings in total. Thisis the 
on�gurationI
eCube is 
urrently taking data with. The stages of 
onstru
tion aresummarized in table 4.1. The 
urrent season, 2009/2010, is ongoing with another 5 stringsdeployed as of De
ember 2009 aiming for a total of 18 strings to be deployed this season.The dete
tor is due for 
ompletion in 2010/2011, the InI
e dete
tor will have 86 stringsa

ording to 
urrent plans.4.2.2 The I
eTop dete
torPla
ed on the surfa
e above the InI
e dete
tor there is an air shower array labeled I
eTop.I
eTop measures 
osmi
 ray air showers and will 
onsist of 160 tanks at the surfa
e withtwo DOMs ea
h when it will be �nished. Currently I
eTop 
onsists of 59 tanks. I
eTop
an serve as a veto and a 
alibration for the InI
e dete
tor and 
an measure the energyspe
trum and study the 
hemi
al 
omposition of the 
osmi
 rays. I
eTop measures the
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opes at the South Poleenergy deposited in the array and the lateral distribution of the shower signal. Thesevalues are ne
essary to study the 
omposition, heavier nu
lei have more energy and a �atterlateral distribution. In addition to this I
eTop also measures the angular distribution of theshowers and the angular distribution of muon bundles as well as the altitude at whi
h theshower has its maximum. These parameters are also sensitive to the 
hemi
al 
ompositionof the 
osmi
 rays [Sta09℄.4.2.3 The DeepCore extensionUntil the de
ommissioning of AMANDA, AMANDA was integrated into I
eCube for de-te
ting low energy events. The InI
e dete
tor measures at slightly higher energies asAMANDA (E > 100GeV for I
eCube 
ompared to E > 50GeV for AMANDA) sin
ethe spa
ing between the AMANDA OMs is 
loser than the spa
ing between the I
eCubeDOMs. The �rst DeepCore string was deployed in January 2009, the 
omplete DeepCoredete
tor 
onsisting of 6 strings will be deployed early 2010. With the DeepCore extensionthe lower energy threshold of I
eCube is expe
ted to be an order of magnitude lower, be-low 10GeV. Ea
h string of DeepCore holds 60 DOMs, 10 DOMs on ea
h string at shallowdepths between 1750m and 1850m used as a veto for the remaining 50 DOMs at depthsbetween 2100m and 2450m [Wie09℄. The deep i
e is on average twi
e as 
lear as the shal-low i
e whi
h is an advantage of DeepCore 
ompared to AMANDA whi
h was at shallowdepths.



5A sta
king analysis withAMANDA-II and IC-22 dataIn this 
hapter a sta
king analysis for di�erent potential neutrino point sour
e 
lasses ispresented. It has previously been shown that the sour
e sta
king method yields largeimprovements in sensitivity in an analysis of generi
 AGN 
lasses using four years [Gro06℄and �ve years [A+07℄ of AMANDA-II data. In this thesis this analysis was redone usingtwo new data samples, one 
overing seven years of AMANDA-II data and one 
overing
275.7 days of IC-22 data. In addition improved sour
e 
atalogs were de�ned, a 
atalog ofStarburst-Galaxies, see se
tion 3.1, as well as sour
e 
atalogs for blazars, Flat Spe
trumRadio Quasars and Pulsars dete
ted by the Fermi LAT [Abd09℄. In the following se
tionsthe sta
king te
hnique whi
h is sensitive to a 
umulative signal of a generi
 sour
e 
lasswill be introdu
ed, the sta
ked sour
e 
lasses as well as the data samples will be presentedand the results will be shown.5.1 The sour
e sta
king methodThe sour
e sta
king method has su

essfully been used in opti
al as well as radio astronomy.It has been applied the �rst time in neutrino astronomy in [Gro06℄. The present analysisuses the same te
hnique. The sour
e sta
king method is sensitive to a 
umulative signalof a generi
 sour
e 
lass. The sour
e 
lasses themselves have to be de�ned a

uratelybeforehand a

ording to a well de�ned signal hypothesis. Su
h a hypothesis is typi
ally the
orrelation of a measured photon �ux at a 
ertain wavelength band to be 
onne
ted to theneutrino �ux. Proton a

eleration is expe
ted at the same site and neutrinos are produ
edwhen the a

elerated protons intera
t with the ambient matter or photon �eld. Thus for theAGN it 
an be assumed that the neutrino signal is 
orrelated to the radio signal. The signalhypothesis for the Starburst-Galaxies is that the neutrinos are produ
ed in SNRs inside theStarburst-Galaxies whi
h are 
onne
ted to the star forming a
tivity. As a measure for thestar forming a
tivity serves the FIR �ux at 60µm whi
h is then assumed to be 
orrelatedto the neutrino �ux. Sta
king uses the fa
t that signal and ba
kground grow in di�erentspeeds when added for multiple sour
es. While the signal grows linearly with the number
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N of sour
es the ba
kground grows proportional to 1√

N
assuming Gaussian statisti
s.Sta
king 
an therefore suppress ba
kground and hen
e in
rease the signal sensitivity. Signaland ba
kground are evaluated for a 
ertain angular sear
h bin where its size has to bedetermined for ea
h sour
e 
lass. Both, the number of sour
es to be sta
ked N , as well asthe angular radius of the sear
h bin rbin are parameters of the analysis whi
h have to beoptimized using Monte Carlo simulations. The sour
es are sorted a

ording to the signalhypothesis as des
ribed above. The ba
kground expe
tation derives from the number ofevents inside the zenith band (o� sour
e) of the sour
es normalized to the area of the sear
hbin

nbg =
Abin
Azb · nzb. (5.1)Here, Abin denotes the area of the sear
h bin, Azb the area of the a

ording zenith band,

nbin and nzb the event numbers in the sear
h bin and the zenith band. The areas of thesear
h bin and the zenith band are de�ned as
Abin = 2π · (1 − cos(rbin)) (5.2)and
Azb = 2π · (sin(δmin) − sin(δmax)) . (5.3)In these equations rbin is the angular radius of the sear
h bin and δmin and δmax the mini-mum and maximum de
lination angles limiting the zenith band. Astronomi
al 
oordinatesuse the de
lination (δ or DEC) and right as
ension (α or RA), on a te
hni
al level thedete
tor 
oordinates zenith angle Θ and azimuth angle Φ are used. At the South Pole therelation between de
lination and zenith is δ = Φ+90 ◦, the 
onversion from right as
ensionand azimuth depends on the time of the event and is done with the analysis software.Figure 5.1 illustrates the sear
h bin and the zenith band.To justify that the ba
kground estimation 
an be taken from the events in a zenith band,

Figure 5.1: The sear
h bin (on sour
e) and the asso
iated zenith band (o� sour
e) en-
losed by δmin and δmax. Figure from [Gro06℄.the event distribution in right as
ension has to be �at. Both distributions are shown in



5.2. The sour
e samples 51�gure 5.2, for AMANDA on the left and for IC-22 on the right. The distributions are �atwithin their error bars where the error is the square root of the number of events in ea
hbin. In the sta
king approa
h the signal (on sour
e) and ba
kground (o� sour
e) events
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(b) The RA distribution for the IC-22 data setFigure 5.2: Right as
ension distribution for the AMANDA and IC-22 data, both distri-butions are �at.are summed up for N sour
es
SIG(N) =

N
∑

i=1

SIGi (5.4)
BG(N) =

N
∑

i=1

BGi − BGoverlap
i . (5.5)Here, SIGi and BGi are the number of signal and ba
kground events for the ith sour
e.The quantity BGoverlap

i is the number of events in the overlap region if two sour
es haveoverlapping zenith bands. This number is obtained analogously to equation 5.1 by repla
ing
Abin with the spa
e angle of the overlap region.5.2 The sour
e samplesFor the analyses performed here only sour
es in the northern hemisphere whi
h are not inthe gala
ti
 plane (|b| ≥ 10◦) were sele
ted. The 
ut on the gala
ti
 plane was done toex
lude possible gala
ti
 sour
es. An ex
eption to this 
riteria is the sample of pulsars.As pulsars being of gala
ti
 origin, also sour
es within the gala
ti
 plane were sele
ted. Inthis theses seven generi
 sour
e 
atalogs are used for the two sta
king analyses:

• Starburst-GalaxiesThe sour
e 
atalog of Starburst-Galaxies as well as the expe
ted neutrino �ux wasdis
ussed in 
hapter 3. These sour
es were sta
ked a

ording to the measured FIR�ux at 60µm wavelength.
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• FR-I galaxiesA sample of FR-I galaxies was taken from [SMAD85℄. A predi
tion for the neutrino�ux for FR-I galaxies was made in e.g. [AGHW04℄. This sample was already analyzedwith the AMANDA-II 4-year data set. Also here, the sour
es were sta
ked using theradio �ux at 178MHz.
• FR-II galaxiesThe neutrino �ux of FR-II galaxies was 
al
ulated in e.g. [Be
04℄. The sour
e 
atalogwas also a
quired from [SMAD85℄ and has been analyzed with the 4-year data set.Like the FR-I galaxies, the FR-II galaxies were sta
ked a

ording to the radio �uxat 178MHz.
• Flat Spe
trum Radio Quasars (FSRQs)The analyzed sample of FSRQs was taken from re
ently published data measured byFermi LAT [Abd09℄. The neutrino output of FSRQs is assumed to o

ur in a narrowbeam, 
al
ulations were done in e.g. [BB09,MSB92℄. These sour
e were sta
ked withthe �ux measured by Fermi LAT in an energy range from 1GeV − 100GeV.
• Compa
t Steep Spe
trum andGigahertz Peaked Sour
es (CSS/GPS)In 
ompa
t sour
es it is believed that neutrino produ
tion takes pla
e be
ause the jetgets stu
k in matter and nu
leon-nu
leon intera
tions take pla
e. This sour
e 
lassis 
overed in this analysis by a sample of CSS/GPS obtained from [O'D98℄, it wasalready analyzed with the 4-year data set. The CSS/GPS sour
es were sta
ked usingthe radio �ux measured at 1.4GHz.
• BlazarsThis sample was also de�ned in Fermi LAT's bright sour
es list [Abd09℄, neutrino �ux
al
ulations 
an be found for example in [AD01℄ and [BB09℄. The sample 
ontainsmainly BL La
 obje
ts as well as unidenti�ed blazars as 
lassi�ed in [Abd09℄. These,like all sour
e samples obtained from the Fermi bright sour
es list, was sta
ked withthe �ux measured by Fermi LAT in an energy range from 1GeV − 100GeV.
• PulsarsPulsars are likely to appear in dense matter regions and are e�
ient parti
le a

eler-ators [BBM05℄. Pulsars as possible high energy neutrino sour
es have been dis
ussedsin
e a long time [Sat77,Bed01,Nag04, LB06℄, the surrounding matter serves as in-tera
tion medium for the neutrino produ
tion. As the previous sour
e 
lasses, thissour
e 
lass was sta
ked with the �ux measured by Fermi LAT in an energy rangefrom 1GeV − 100GeV. The used sample of pulsars is a sub sample of the FermiLAT bright sour
es list [Abd09℄. This sour
e 
lass as the only gala
ti
 sour
e 
lasswas analyzed be
ause of the measurements by Fermi LAT there was data availablewhi
h was a
quired very systemati
ally. The Fermi LAT Collaboration did not useprede�ned 
atalogs for their analysis but looked at the most signi�
ant spots on theirsky map. In addition, high energy photons are a good sele
tion 
riterion: If thesesphotons are of hadroni
 origin, neutrinos are bound to be produ
ed. Re
ently pub-lished data on the Crab pulsar by MAGIC suggests that the photons are produ
ed inthe slot or outer gap and not in the polar 
ap of the pulsar [A+08b℄. However, this
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on�rmed by other dete
tors sin
e other works [Bed01℄ sug-gest neutrino produ
tion to take pla
e in other regions of the pulsar. Either s
enariomakes pulsars a sour
e 
lass worth being investigated.Sour
e 
lasses from the 4-year analysis whi
h were ex
luded in this analysisThe kev-blazars analyzed in [Gro06℄ were not analyzed in this analysis sin
e these sour
eswere out ruled by 
urrent AMANDA limits, see [A+07℄ for details. TeV blazars are notin
luded in the analysis either be
ause the study of Fermi is more systemati
 in termsof a 
atalog than TeV measurements. Fermi LAT observed the sky for 3 months whileTeV instruments are pointing teles
opes (IACTs) and thus bound to weather 
onditions.While the brightest sour
es are well established, the more re
ent dis
overies are still to be
ompleted. It is expe
ted that more sour
es with the same �ux density are to be dete
tedafter extended investigations with the teles
opes. Another point is the variability of thesour
es at those wavelengths as an important fa
tor for dete
tion. The Fermi measurementsseem to show a steady 
omponent even for variable sour
es giving a mu
h better measurefor the a
tual long-term �ux whi
h this analysis points to.5.3 Analysis of AMANDA-II data5.3.1 OptimizationThe optimization pro
edure of the sta
king parameters was done with a simulated E−2signal spe
trum and was developed in [Gro06℄. The number of sour
es to be sta
kedwas optimized by evaluating the signal and ba
kground for a prede�ned sear
h bin of
3◦. For ea
h sour
e the number of signal and ba
kground events within this sear
h binis 
ounted and then weighted with the measured �ux whi
h is assumed to be 
orrelatedto the neutrino �ux. After pro
essing all sour
es of the sample the signal is normalizedto 1 for the strongest sour
e and the signal and ba
kground is summed up resulting in atotal signal (SIG(N)) and total ba
kground (BG(N)) for the sample (see equation 5.4).In order to �nd the best suited number of sour
es N the median signi�
an
e σ(N) for asignal SIG(N) and a ba
kground BG(N) is 
al
ulated. Poissonian statisti
s have to beapplied here sin
e the absolute numbers of BG and SIG are too small to apply Gaussianstatisti
s. The probability to observe at least n events is given by

P (nobs|SIG,BG) = ΓI(n, SIG + BG), (5.6)where ΓI is the in
omplete Gamma fun
tion. The median of this distribution is given by
nmedian with P (nobs > nmedian) = 0.5. This value is obtained by inverting and resolvingthis equation for nmedian. The signi�
an
e of the observation of nmedian events is given bythe probability under the assumption of pure ba
kground and it is given by

P (nobs > nmedian|BG) = ΓI(nmedian, BG). (5.7)
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king analysis with AMANDA-II and IC-22 dataThe signi�
an
e in terms of a probability P is then res
aled to the 
orresponding numberof standard deviations s of a 
umulative Gaussian distribution φ by inverting
P = 1 − φ(s) =

1 − erf(s/2)
2

. (5.8)Using SIG(N) and BG(N) in the above 
al
ulations yields σ(N) as the signi�
an
e s for
N sour
es. The number of sour
e to be sta
ked is 
hosen a

ording to the maximum orthe point of saturation of σ(N) in order to maximize the signi�
an
e for the analysis. Thebehavior of σ(N) 
an be divided in three 
ases:1. σ(N) is always in
reasing with N : a di�use analysis would be more sensitive for the
onsidered hypothesis.2. σ(N) is always de
reasing with N : the sample is dominated by the strongest sour
e,the strongest sour
e should be skipped in sta
king and analyzed separately.3. σ(N) rea
hes a maximum or saturation at a 
ertain N : sour
e sta
king with Nsour
es is most sensitive for the 
onsidered hypothesis.Here, σ(N) was evaluated for a signal expe
tation of 1, 2, 3 and 4 signal neutrinos from thestrongest sour
e. These numbers are agreeable with the point sour
e �ux limits publishedin [A+09b℄. As sear
h bin size in this optimization step a sear
h bin with roughly theangular resolution of AMANDA was 
hosen, 3 ◦.Figure 5.3 shows the signi�
an
e in dependen
e of the number of sour
es for the 
lass ofthe Starburst-Galaxies without the strongest sour
e, the optimum number of sour
es wasdetermined to be 12. The se
ond parameter, the angular radius of the sear
h bin rbin, is
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Figure 5.3: Median signi�
an
e of the sample of Starburst-Galaxies without the dominatingstrongest sour
e in dependen
e of the number of sour
es. Saturation is rea
hedfor 12 sour
es.



5.3. Analysis of AMANDA-II data 55optimized similar to the number of sour
es. In this optimization step the number of sour
es
N from the �rst step is used. Here, the signi�
an
e in dependen
e of rbin is evaluated.Signal and ba
kground are obtained by adding the signal and ba
kground for N sour
eslike in the step before. But here the signal is then multiplied by the value of the 
umulativepoint spread fun
tion for the a

ording sear
h bin. The 
urve of σ(rbin) shows a maximumat the optimal sear
h bin size. This optimization step was only used for the AMANDAdata and was 
hanged for the IC-22 analysis as explained in 5.4.2.As an example the signi�
an
e in dependen
e of the sear
h bin size for the Starburst-Galaxiesis shown in �gure 5.4, an optimal sear
h bin size of 2.4 ◦ was found. After having �xed
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Figure 5.4: Sear
h bin variation for the Starburst-Galaxies. The optimal sear
h bin is 2.4◦.
the optimal rbin 
ross-
he
ks have been done to make sure that the previously obtainednumber of sour
es N is still the optimal number after setting the sear
h bin size. Thesta
king parameters from the optimization step were tested with s
rambled data sets topreserve blindness. Inside the I
eCube Collaboration analyses are performed blindly, thatmeans that all parameters of the analysis are �xed using simulated or s
rambled real data.This prevents the analyses from being biased towards a 
ertain result.In this analysis no distan
e 
orre
tion on the measured �uxes of the sour
es were done.Here, this analysis di�ers from the 4-year-analysis. In the 4-year analysis the �uxes were
orre
ted to a uniform distan
e of z = 0.1. This yields a homogeneous sample where �uxdi�eren
es of the sour
es mirror the intrinsi
 �ux properties of the sour
es. This 
orre
tionsuppresses nearby and strong sour
es. In this analysis no 
orre
tion was applied sin
e itis believed that nearby and strong sour
es in photons are also strong sour
es in neutrinos.This di�eren
e in both analyses leads also to di�erent parameters for equal sour
e 
lasses.
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king analysis with AMANDA-II and IC-22 data5.3.2 DataFor this analysis the point sour
e sample 
overing seven years of AMANDA-II data with thea

ording Monte Carlo simulations was used. These seven years of data taking 
orrespondto 3.8 years of dete
tor lifetime. See [A+09b℄ for a detailed des
ription of the data sample.The �nalized data sample 
ontains 6595 events. To preserve blindness only simulatedand s
rambled data were used. The s
rambled data 
onsist of 1000 data sets from theoriginal data with arbitrary azimuth angles and 1000 sour
e 
atalogs with randomizedsour
e positions. The signi�
an
e distribution for both s
rambled data sets are expe
tedto follow a Gaussian distribution with a mean of 0 and a sigma of 1 for all sour
e 
lasses.The signi�
an
e distribution for s
rambled data sets for the Starburst-Galaxies is shown in�gure 5.5(a), and the same for randomized sour
e positions 
an bee seen in �gure 5.5(b).
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e distribution for s
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(b) Signi�
an
e distribution for randomized sour
epositionsFigure 5.5: Signi�
an
e distributions for s
rambled data (left) and randomized sour
epositions (right)5.3.3 The optimized parametersAs a result of the optimization pro
ess des
ribed above the optimal number of sour
es andthe optimal sear
h bin were obtained. These numbers are shown in table 5.1. The 
ompleteset of plots for the optimization pro
ess 
an be found in appendix B.1. All sour
e 
lassesex
ept the CSS/GPS sour
es had a dominating strongest sour
e whi
h was removed fromthe analysis:
• Starburst-Galaxies had M82 as the dominating sour
e.
• FR-I Galaxies were dominated by M87.
• FR-II Galaxies were dominated by 3C123.0.
• Fermi LAT blazars had 0FGLJ0238.6+1636 as dominating sour
e.
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e 
lass Sour
es Sear
h bin Cat. Referen
eStarbursts 13 2.4◦ [BBDK09℄CSS/GPS 7 2.7◦ [O'D98℄FR-I 14 2.4◦ [SMAD85℄FR-II 15 2.2◦ [SMAD85℄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 pro
ess for seven years of AMANDA-II data.
• Fermi LAT FSRQs were dominated by the two strongest sour
es, 3C454.3 andPKS1502+106.
• Fermi LAT pulsars were dominated by Geminga.The lists of sour
es sele
ted for the sta
king analysis with AMANDA data 
an be foundin appendix C.1.5.4 Analysis of IC-22 dataThe analysis des
ribed above was used on a more re
ent data set from the IC-22 dete
tor.Sin
e IC-22 has an asymmetri
 shape 
ompared to the 
ylindri
al shape of AMANDA, theanalysis method had to undergo minor 
hanges leading to di�erent results.5.4.1 DataIn this analysis a point sour
e sample and a

ording simulation �les were used. The�nal sample 
ontains 5114 events after the point sour
e 
uts were applied. For detailedinformation about the sample and the simulation �les, see [A+09a℄. The sample 
overs

275.7 days of dete
tor lifetime. The point sour
e analysis returned no signal for any ofthe analyzed sour
es. In �gure 5.6 the e�e
tive area for di�erent de
lination regions isdisplayed. It 
an be seen that IC-22 is sensitive above 100GeV and the best a

eptan
eis a
hieved for events at low de
lination angles i.e. near the horizon. The 
urve forde
linations between 0 ◦ and 30 ◦ lies above all other 
urves. For higher de
lination anglesthe e�e
tive area drops again at higher energies, for de
lination angles between 60 ◦ and
90 ◦ it rea
hes zero just below 100PeV. At these high energies the neutrinos are intera
tingwith the ro
ks and the Earth gets opaque for neutrinos.5.4.2 Changes 
ompared to the AMANDA analysisOne thing that had to be altered in this analysis was the ranking of the sour
es. Whilein the AMANDA analysis the sour
es were ranked a

ording to their measured �ux, theasymmetry of IC-22 had to be taken into a

ount. This asymmetry is re�e
ted in the zenith
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Figure 5.6: The e�e
tive area versus the logarithm of the energy for di�erent de
linationregions [GA08℄.angle distribution of the events. In �gure 5.7 there is a 
omparison of the AMANDA andIC-22 zenith angle distributions for simulated data. It 
an 
learly be seen that there isan ex
ess of events at the horizon (90◦) for IC-22. This fa
t makes it ne
essary to also
onsider the zenith angle of the sour
es when ranking them. It was de
ided to rank thesour
es by a fa
tor that takes this into a

ount:Sta
k.Param. = measured �ux · NSIG√
NBG (5.9)with NSIG being the number of signal events and NBG the number of ba
kground eventsfor ea
h sour
e evaluated from the simulated data. This parameter was obtained for ea
hsour
e and then it was normalized to 1 for the strongest sour
e. The optimization pro
edurefor the number of sour
es des
ribed above was then applied to the simulated IC-22 datawith the signal weighted with the sta
king parameter.Another di�eren
e to the analysis of the AMANDA data was the optimization pro
ess forthe sear
h bin size. It turned out that the method used before delivered sear
h bins thatwere below IC-22's angular resolution of 1.5◦ [A+09a℄ whi
h is not reasonable. A reasonfor these too small sear
h bins 
ould be statisti
al �u
tuations. These �u
tuations 
an beminimized by in
reasing the number of iterations over the simulated data �le. Sin
e the
omputing time in
reases linearly with the number of iterations it was unlikely to obtainmore reliable results in a reasonable amount of time. Thus a di�erent method of �ndingthe optimal sear
h bin size whi
h is des
ribed in a work by Alexandreas et al. [A+93℄ wasused. In this work the authors present a method how to 
al
ulate the optimal sear
h binsize out of the number of ba
kground events (NBG) 
ontained in a sear
h bin with the sizeof the dete
tor's angular resolution.
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Figure 5.7: Comparison of the zenith angle distributions for simulated data betweenAMANDA (red) and IC-22 (bla
k).The optimal sear
h bin is given by
ropt =

(

1.58 + 0.7e−0.88·NBG0.36
)

· σ. (5.10)Here, σ is the angular resolution of the dete
tor, for IC-22 this is σ = 1.5◦.5.4.3 Changes of the sour
e sele
tionDue to the di�erent ranking of the sour
es and the di�erent properties of IC-22 
om-pared to AMANDA the sour
e sele
tion 
hanged. The zenith angle of the sour
es has astronger in�uen
e on the ranking of the sour
es in the optimization pro
ess using IC-22data. This led to slightly di�erent sour
e sele
tions. The biggest 
hange o

urred for theStarburst-Galaxies and the FSRQs. Neither of the samples has a dominating strongestsour
e in this analysis. See appendix C.2 for the sour
e lists.5.4.4 The optimized parameters for IC-22In the table below (table 5.2) the number of sour
es and the sear
h bin sizes obtainedfrom the optimization pro
ess for IC-22 data are listed. It is notable that for most sour
e
lasses fewer sour
es are sele
ted for sta
king than in the AMANDA analysis. This 
ouldbe due to the fa
t that the sensitivity of IC-22 rea
hes its maximum at the horizon i.e.near a de
lination of 0 ◦. Thus sour
es at the near the horizon have stronger in�uen
e onthe sour
e sele
tion while sour
es far from the horizon are suppressed and do not in
reasethe sensitivity of the analysis.



60 5. A sta
king analysis with AMANDA-II and IC-22 dataSour
e 
lass Sour
es Sear
h binStarbursts 8 2.5◦CSS/GPS 7 2.5◦FR-I 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 pro
ess for IC-22.5.5 ResultsIn tables 5.3 and 5.4 the results from the sta
king analysis explained above with AMANDAdata and IC-22 data are listed. Both analyses do not yield a signi�
ant signal and thus�ux limits for ea
h sour
e 
lass for a neutrino �ux ∝ E−2 were set. These �ux limits aremedian �ux limits per sour
e. The average upper limit (AUL) shown in the tables is a
umulative AUL for ea
h sour
e 
lass 
al
ulated a

ording to Feldman&Cousins [FC98℄with a 
on�den
e level of 90%. This AUL was then 
onverted into a �ux limit Φ0 for a�ux proportional to E−2 a

ording to
Φ0 = AUL ·

(
∫ EmaxEmin E−2 ·Ae�(E) dE

)−1

. (5.11)Here, Ae�(E) is the e�e
tive area of the dete
tor for the whole sour
e 
lass depending onthe energy of the in
oming neutrino. The e�e
tive area is 
al
ulated using simulated data.For simulated data the ratio of in
ident and dete
ted parti
les is known, this ratio roughly
orresponds to the e�e
tive area. The energy range was Emin = 50GeV to Emax = 108 GeVfor AMANDA and Emin = 100GeV to Emax = 108 GeV for IC-22. The �ux limits are inunits of 10−11 TeV−1 
m−2 s−1.The observed under- and over-�u
tuations are of statisti
al nature and 
omply with nosignal being present. The last two 
olumns of table 5.3 show the results from the 5-yearanalysis [A+07℄ and the 4-year analysis [Gro06℄ for sour
e 
lasses whi
h were also analyzedhere. The limits improved signi�
antly 
ompared to the results obtained with the previousAMANDA data sets, an ex
eption is here the 
lass of FR-I galaxies. This 
lass shows analmost negligible better limit for the 5-year analysis. This 
an be explained by an under�u
tuation (57 ba
kground events and 40 signal events) observed for the FR-I galaxies inthe 5-year analysis. This under �u
tuation is also present in the 7-year analysis sin
e the5-year sample is a sub sample of the 7-year sample and thus the under �u
tuation doesnot disappear. However, this analysis did not in
rease the under �u
tuation and so, thelimit is not improved signi�
antly.In the �gures 5.8 and 5.9 the results of both analyses are visualized. The dashed line rep-resents the average point sour
e sensitivity for the northern hemisphere. The results of theanalysis with AMANDA data 
learly show a gain of the sta
king analysis in sensitivity 
om-pared with the normal binned point sour
e analysis. The �ux limits for all sour
e 
lasses are
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e 
lass NSIG NBG Signi�
an
e [σ℄ 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 7.1FR-I 68 58 −1.4 16 1.8 1.7 2.5FR-II 77 80 0.3 16 2.0 17.9 20.4Fermi 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 50GeV−108 GeV.Fluxes above the limits are ex
luded with 90% 
on�den
e level. The lasttwo 
olumns show the results for the 5-year and 4-year analysis for mat
hingsour
e 
lasses, the results from both analysis were 
al
ulated from integral�ux limits above 10GeV into di�erential �ux limits.Sour
e 
lass NSIG NBG Signi�
an
e [σ℄ AUL LimitStarbursts 35 34 −0.2 10 1.13CSS/GPS 28 25 −0.7 7 0.82FR-I 61 66 0.6 20 1.03FR-II 10 13 0.7 4 1.43Fermi LAT blazars 39 35 −0.6 16 1.47Fermi LAT FSRQs 11 10 −0.4 8 2.53Fermi LAT pulsars 15 21 1.3 9 2.27Table 5.4: Results from the IC-22 analysis for an energy range of 100GeV − 108 GeV.Fluxes above the limits are ex
luded with 90% 
on�den
e level.well below the average sensitivity of 2.5 · 10−11 TeV−1 
m−2 s−1. However, the situation isdi�erent for the IC-22 analysis. In this analysis two sour
e 
lasses, the FSRQs and pulsars,lie above the average binned point sour
e sensitivity of 2.0 ·10−11 TeV−1 
m−2 s−1 [GA08℄.This is due to the properties of these two sour
e 
lasses. Both have very few sour
es tosta
k, two FSRQs and three pulsars, whi
h is due to the asymmetry of IC-22. For su
hsmall numbers the sta
king method does not improve the results. In 
omparison to anew point sour
e sear
h method, the unbinned maximum likelihood method, the sta
kinganalysis performed here gives improved results only for the Starburst-Galaxies, the FR-Igalaxies and the CSS/GPS sour
es. The unbinned method is more sensitive than a binnedsear
h and is des
ribed in [A+09a℄, it returns an average sensitivity for the northern sky of
1.3·10−11 TeV−1 
m−2 s−1. This method sear
hes for a maximum of the log likelihood on asear
h grid whi
h is �ner than the angular resolution of IC-22. The spots with a maximumin the log likelihood are then 
ompared to sour
e lo
ations. The results of the IC-22 anal-ysis performed in this thesis show that a binned sta
king analysis gains sensitivity againsta binned point sour
e sear
h ex
ept for very small samples but does not gain mu
h againstan unbinned point sour
e sear
h. An analysis method that 
ombines the sta
king methodwith an unbinned sear
h method is planned for the new data sets.
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Figure 5.8: Results of the AMANDA sta
king analysis. For 
omparison the dashed linerepresents the average point sour
e sensitivity for the northern hemisphere.All sour
e 
lasses gain sensitivity from the sta
king method.
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Figure 5.9: Results of the sta
king analysis of IC-22 data. The dashed line represents theaverage point sour
e sensitivities from the binned IC-22 point sour
e analysis.The sta
king method gains sensitivity for all but two sour
e 
lasses.



6Con
lusions & outlookWithin the s
ope of this thesis a sour
e 
atalog of 127 lo
al (z < 0.03) Starburst-Galaxieswas presented and dis
ussed in the 
ontext of neutrino astronomy. This sour
e 
atalog
ontains measurements at di�erent radio frequen
ies between 1.4GHz and 5.10GHz, mea-surements at the four FIR wavelengths measured by the IRAS satellite (12µm, 25µm,
60µm and 100µm) and measurements at X-ray energies between 0.1 keV and 8 keV. Forea
h sour
e the 
atalog 
ontains the redshift and the luminosity distan
e 
al
ulated outof the redshift using the 
osmologi
al parameters ΩΛ = 0.73, ΩMatter = 0.27 and h = 0.73using the on-line NASA Extragala
ti
 Database (NED). For sour
es with su�
ient datapoints in the radio a spe
tral index was �tted assuming a power law behavior at radiowavelengths. Sour
es that have su�
ient data in radio, X-ray and FIR spe
tral indi
esbetween radio and FIR as well as between X-ray and FIR were �tted, to perform 
ross-
he
ks that the sele
ted sour
es indeed are starbursts..The 
atalog of Starburst-Galaxies together with 
atalogs of AGN 
lasses, Blazars, FlatSpe
trum Radio Quasars, FR-I galaxies, FR-II galaxies, Compa
t Steep Spe
trum / Gi-gahertz Peaked Sour
es and a 
atalog of Pulsars was used to perform a sour
e sta
kinganalysis with data of the AMANDA-II and I
eCube neutrino dete
tors. Neither of the anal-yses returned a signi�
ant ex
ess above the ba
kground of atmospheri
 neutrinos. Fluxlimits for ea
h sour
e 
lass were set for a potential extraterrestrial neutrino �ux follow-ing an E−2 spe
trum. The sour
e sta
king analysis showed an improvement in sensitivityover binned point sour
e analyses done before on the same data samples [A+09b,GA08℄.Compared to an unbinned point sear
h [A+09a℄ method, a gain in sensitivity exists for fewsour
e 
lasses.As for every pie
e of s
ienti�
 resear
h the experien
es of the resear
h done yield improve-ments for further investigations. Some ideas how to optimize the work of this thesis in thefuture are given in the following.In the future, the sta
king approa
h will be 
ombined with the unbinned analysis methodin order to improve sensitivities to point sour
e 
lasses even further. This method shouldbe developed and used on future analyses with I
eCube. Another analysis method worthdeveloping is a time resolved sour
e sta
king method. This method would be sensitive totransient events i.e. Gamma Ray Bursts (GRBs). Starburst-Galaxies have an enhan
edstar formation rate and thus also an enhan
ed rate of GRBs. Restri
ting a time resolvedsta
king analysis to the sample of Starburst-Galaxies and to events o

urring in a time
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lusions & outlookwindow that mat
hes the duration of a GRB would lead almost no ba
kground in the anal-ysis. With su
h an analysis method available the analysis would also be sensitive for GRBsnot dete
ted in photons, so 
alled 
hoked GRBs. Choked GRBs are GRBs whi
h happenin dense matter whi
h is abundant in Starburst-Galaxies. For further analyses the sour
e
atalog of Starburst-Galaxies should be improved, the radio measurements presented inthe 
atalog do often not take into a

ount that Starburst-Galaxies are extended sour
es inradio astronomy. Thus wide angle measurements should be in
luded if available. Furthermore it has to be 
he
ked whether the assumption of a power law behavior at radio wave-lengths is justi�ed for ea
h sour
e.Although the analysis performed in this thesis and any analysis done so far revealed noextragala
ti
 neutrino signal it is with I
eCube being 
ompleted a question of time until asignal is found or 
urrent theoreti
al models are ruled out due to an absen
e of a neutrinosignal. Either way, if a signal will be found or no signal will be found both would have alarge impa
t on the neutrino astronomy and astroparti
le physi
s.



Appendix AThe sour
e 
atalog ofStarburst-Galaxies
A.1 General dataTable A.1: Position and distan
e data of the sample. Values obtained from NED. Coordi-nates epo
h is J2000.0.Name RA [deg℄ DEC [deg℄ z DL [Gp
℄MRK545 2.47254 25.9238 0.01523 0.05962NGC34 2.77729 −12.1073 0.019617 0.0771MCG-02-01-051 4.71202 −10.3768 0.027103 0.109NGC174 9.24558 −29.4778 0.011905 0.0451NGC232 10.6909 −23.5614 0.022172 0.0886NGC253 11.888 −25.2882 0.0008 0.0031IC1623 16.9466 −17.507 0.02007 0.07857NGC520 21.1461 3.79242 0.00761 0.03022NGC632 24.323 5.87764 0.010567 0.0396NGC660 25.7598 13.6457 0.00283 0.01233NGC828 32.5399 39.1904 0.01793 0.07073NGC891 35.6392 42.3491 0.00176 0.00857NGC958 37.6785 −2.939 0.01914 0.0765NGC1055 40.4385 0.443167 0.00332 0.01131Ma�ei2 40.4795 59.6041 −5.7 · 10−5 0.00332NGC1068(M77) 40.6696 −0.0132806 0.00379 0.0137UGC2238 41.5729 13.0957 0.021883 0.0883NGC1097 41.5794 −30.2749 0.00424 0.0152NGC1134 43.4222 13.0141 0.012142 0.0474NGC1365 53.4015 −36.1404 0.00546 0.01793IC342 56.7021 68.0961 0.0001 0.0046UGC02982 63.0935 5.54739 0.017696 0.0724NGC1530 65.8629 75.2956 0.00821 0.03622



66 Appendix A. The sour
e 
atalog of Starburst-GalaxiesTable A.1: 
ontinued.Name RA [deg℄ DEC [deg℄ z DL [Gp
℄NGC1569 67.7044 64.8479 −0.00035 0.0046MRK617 68.4994 −8.57888 0.01594 0.06261NGC1672 71.4271 −59.2473 0.00444 0.01682MRK1088 73.6598 3.26797 0.01528 0.06051NGC1808 76.9264 −37.5131 0.00332 0.01261NGC1797 76.937 −8.01908 0.014814 0.0616MRK1194 77.9423 5.20061 0.01491 0.05948NGC2146 94.6571 78.357 0.00298 0.012NGC2276 111.81 85.7546 0.00804 0.0328NGC2403 114.214 65.6026 0.00044 0.00247NGC2415 114.236 35.242 0.01262 0.05341NGC2782 138.521 40.1137 0.00848 0.03951NGC2785 138.814 40.9175 0.008746 0.0392NGC2798 139.346 41.9997 0.00576 0.02784NGC2903 143.042 21.5008 0.00186 0.00826MRK708 145.548 4.67314 0.00682 0.03116NGC3034(M82) 148.968 69.6797 0.00068 0.00363NGC3079 150.491 55.6797 0.00375 0.01819NGC3147 154.224 73.4007 0.00941 0.04141NGC3256 156.964 −43.9038 0.00935 0.03535MRK33 158.133 54.401 0.00477 0.0221NGC3310 159.691 53.5034 0.00331 0.01981NGC3367 161.646 13.7509 0.010142 0.0468NGC3448 163.663 54.3052 0.0045 0.02406NGC3504 165.797 27.9725 0.00512 0.02707NGC3556(M108) 167.879 55.6741 0.00233 0.01385NGC3627(M66) 170.063 12.9915 0.00243 0.01004NGC3628 170.071 13.5895 0.00281 0.01004NGC3683 171.883 56.8771 0.005724 0.0259NGC3690 172.134 58.5622 0.01041 0.04774MRK188 176.893 55.9672 0.00803 0.0355NGC3893 177.159 48.7108 0.00323 0.0161NGC3994 179.404 32.2776 0.010294 0.0466NGC4030 180.099 −1.1 0.00487 0.0245NGC4041 180.551 62.1373 0.00412 0.02278NGC4102 181.596 52.7109 0.002823 0.0141MRK1466 182.046 2.87828 0.00443 0.01529MRK759 182.656 16.0329 0.00723 0.0345NGC4194 183.539 54.5268 0.00834 0.04033NGC4214 183.913 36.3269 0.00097 0.00367NGC4273 184.984 5.34331 0.007932 0.0376NGC4303(M61) 185.479 4.47365 0.005224 0.0264NGC4414 186.613 31.2235 0.00239 0.01768



A.1. General data 67Table A.1: 
ontinued.Name RA [deg℄ DEC [deg℄ z DL [Gp
℄NGC4418 186.728 −0.877556 0.007268 0.0349NGC4527 188.535 2.65381 0.005791 0.0286NGC4536 188.613 2.18789 0.006031 0.0297NGC4631 190.533 32.5415 0.00202 0.00773NGC4666 191.286 −0.461885 0.005101 0.0257NGC4793 193.67 28.9383 0.008286 0.038NGC4826(M64) 194.182 21.6811 0.00136 0.0309NGC4945 196.364 −49.4682 0.00187 0.00392NGC5005 197.734 37.0592 0.00316 0.01809NGC5020 198.166 12.5998 0.011214 0.0507NGC5055(M63) 198.956 42.0293 0.00168 0.00796ARP193 200.147 34.1395 0.02335 0.101NGC5104 200.346 0.342417 0.018606 0.082NGC5135 201.434 −29.8337 0.01372 0.05215NGC5194(M51) 202.47 47.1952 0.00154 0.00873NGC5218 203.043 62.7678 0.009783 0.0419NGC5236(M83) 204.254 −29.8657 0.00172 0.00363NGC5256 204.573 48.2769 0.027863 0.119NGC5257 204.968 0.839583 0.022676 0.099NGC5253 204.983 −31.6401 0.00136 0.00315UGC8739 207.308 35.2574 0.016785 0.0728MRK1365 208.63 15.0441 0.01846 0.0806NGC5430 210.191 59.3283 0.009877 0.0423NGC5427 210.859 −6.03081 0.008733 0.0399NGC5678 218.023 57.9214 0.00641 0.03202NGC5676 218.195 49.4579 0.007052 0.0308NGC5713 220.048 −0.289222 0.00658 0.02674NGC5775 223.49 3.54446 0.00561 0.02634NGC5900 228.772 42.2094 0.008376 0.0361NGC5936 232.504 12.9893 0.013356 0.0575ARP220 233.738 23.5032 0.01813 0.0799NGC5962 234.132 16.6079 0.006528 0.0288NGC5990 236.568 2.41547 0.012806 0.055NGC6181 248.087 19.8266 0.007922 0.0334NGC6217 248.163 78.1982 0.00454 0.02349NGC6240 253.245 2.40094 0.02448 0.10336NGC6286 254.631 58.9363 0.018349 0.0761IRAS18293-3413 278.171 −34.191 0.01818 0.07776NGC6701 280.802 60.6533 0.01323 0.05664NGC6764 287.068 50.9332 0.008059 0.03131NGC6946 308.718 60.1539 0.00016 0.00532NGC7130 327.081 −34.9513 0.01615 0.06599IC5179 334.038 −36.8437 0.01141 0.0467



68 Appendix A. The sour
e 
atalog of Starburst-GalaxiesTable A.1: 
ontinued.Name RA [deg℄ DEC [deg℄ z DL [Gp
℄NGC7331 339.267 34.4156 0.00272 0.01471NGC7469 345.815 8.874 0.01632 0.06523NGC7479 346.236 12.3229 0.00794 0.03236NGC7496 347.447 −43.4279 0.0055 0.02234NGC7541 348.683 4.53436 0.008969 0.032IC5298 349.003 25.5567 0.027422 0.11NGC7552 349.045 −42.5848 0.00536 0.02144NGC7591 349.568 6.58581 0.016531 0.0636NGC7592 349.592 −4.41694 0.024444 0.0972MRK319 349.66 25.2329 0.027012 0.108NGC7673 351.921 23.5889 0.01137 0.0422NGC7678 352.116 22.4212 0.011639 0.0433MRK534 352.194 3.51142 0.01714 0.0677NGC7679 352.194 3.51142 0.017139 0.0662NGC7714 354.059 2.15516 0.00933 0.0386NGC7771 357.854 20.1118 0.01427 0.05711NGC7793 359.458 −32.591 0.00076 0.0031MRK332 359.856 20.7499 0.00802 0.0283
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e
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Table A.2: Radio measurements of the sample. All �uxes in [mJy℄.Referen
es:1: [RRA91℄, 2: [CCB02℄, 3: [CCBD83℄, 4: [JWE+98℄, 5: [GWBE94℄, 6: [JGDB96℄, 7: [WGH+96℄, 8: [DC78℄, 9: [GAO+06℄,10: [Sra75℄, 11: [BBB+04℄, 12: [RSTT07℄, 13: [GWBE95℄, 15: [VTW04℄, 16: [AR90℄, 17: [KWPN81℄, 18: [WGBE94℄,19: [RR92℄, 20: [RRD95℄, 21: [SHC+04℄, 22: [NFW05℄, 24: [DW77℄, 25: [LBSB05℄, 26: [Con83℄, 27: [IYH05℄, 28: [ST76℄Name S1.40GHz S2.38GHz S2.69GHz S2.70GHz S4.85GHz S5.00GHz S5.01GHz Referen
esMRK545 73.5 47 − − 33 36 − 1, 2, 8, 14NGC34 67.5 − − − − − − 4MCG-02-01-051 43.2 − − − − − − 4NGC174 45.7 − − − − − − 4NGC232 60.6 − − − 56 − − 4NGC253 6000 − − 3520 2433 − 2580 5, 16, 17IC1623 249.2 − − − 96 − − 4, 5NGC520 176 110 − − 87 − − 1, 2, 8NGC632 23 15 − − − − − 2, 8NGC660 373 255 − − 187 − − 1, 4, 8NGC828 108 − − − 47 − − 6NGC891 701 − − − 342 − − 2NGC958 71.9 − − − − − − 4NGC1055 200.9 129 − 150 63 − − 1, 4, 8, 16Ma�ei2 1015 − − − 375 − − 1, 19NGC1068(M77) 4850 − − 3050 2039 1890 1342.4 2, 9, 13, 14, 17UGC2238 72.2 − − − − − − 1, 2NGC1097 415 − − 250 126 − 150 6, 7, 16NGC1134 89.1 57 − − 32 − − 1, 2, 8NGC1365 530 − − 350 230 180 − 4, 7, 16IC342 2250 − − − 277 − − 1, 6UGC02982 91.3 − − − − − − 2NGC1530 80.7 − − − 27 − − 1, 6NGC1569 396 − − − 198 − 155 1, 10, 19
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Table A.2: 
ontinued.Name S1.40GHz S2.38GHz S2.69GHz S2.70GHz S4.85GHz S5.00GHz S5.01GHz Referen
esMRK617 138 − − − 63 − − 4, 13NGC1672 450 − − 210 114 − 100 16, 18MRK1088 45.7 31 − − − − − 2, 8NGC1808 497 − − 350 229 − 220 6, 16, 18NGC1797 29.1 − − − − − − 4MRK1194 42.2 27 − − − − − 2, 8NGC2146 1087 − − − − − − 6NGC2276 283 − − − − − − 6NGC2403 387 − − − 169 − − 19NGC2415 66.4 53 − − 41 − 30 1, 2, 8, 10NGC2782 107.5 − − − 47 − 60 1, 10, 20NGC2785 67.6 − − − − − − 2NGC2798 82.0 − − − 37 − 53 1, 2, 10NGC2903 444 200 − − 118 − − 1, 2, 8, 13MRK708 32.6 21 − − − − − 2, 8NGC3034(M82) 7286.8 − 5650 − 3918 − 3912 1, 17, 20NGC3079 820.7 − − − 321 − − 1, 21NGC3147 89.9 − − − 44 − 8.1 1, 2, 23NGC3256 642 − − − 319 240 250 5, 6, 14, 16MRK33 24.6 − − − − − − 11NGC3310 417 − − − 152 − − 1, 19NGC3367 118 71 − 130 36 − 35 1, 2, 8, 10, 16NGC3448 51.3 − − − − − 39 1, 10NGC3504 274 − − − 117 − − 1, 2, 8NGC3556(M108) 245 − − − 76 − − 1, 19NGC3627(M66) 458 209 − − 141 − − 1, 2, 8NGC3628 470.2 313 − − 276 200 224 1, 8, 10, 14, 21NGC3683 127 − − − − − − 2
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Table A.2: 
ontinued.Name S1.40GHz S2.38GHz S2.69GHz S2.70GHz S4.85GHz S5.00GHz S5.01GHz Referen
esNGC3690 658 − − − − − 362 10, 23MRK188 30.7 − − − − − 25.0 2, 10NGC3893 139 − − − 39 − − 1, 2NGC3994 70.8 50 − − 52 − − 1, 2, 8NGC4030 147 − − 90 − 56 − 14, 16, 19NGC4041 103 − − − 48 − − 1, 2NGC4102 273 − − − 70 − 105 1, 10MRK1466 20.0 15 − − − − − 2, 8MRK759 31.9 16 − − 13 − − 2, 8, 15NGC4194 122 − − − 39 − − 1, 19NGC4214 38.3 − − − 30 − − 2NGC4273 78.5 65 − − 37 − − 2, 8, 15NGC4303(M61) 444 195 − − 102 120 − 2, 8, 14, 15NGC4414 227 138 − − 75 − − 1, 8, 19NGC4418 38.5 − − − − − − 23NGC4527 187.9 129 − − 72 − − 2, 8, 15NGC4536 204.9 136 − − 114 110 − 2, 8, 13NGC4631 1122 340 − − 438 − − 1, 8, 19NGC4666 434 − − − 161 − − 2, 13NGC4793 113 72 − − 46 − − 1, 2, 8NGC4826(M64) 103 67 − − 54 − − 1, 2, 8NGC4945 6600 − − 5000 3055 − 2840 16, 18NGC5005 194 − − − 62 − − 1, 19NGC5020 30.1 22 − − − − − 2, 8NGC5055(M63) 349 − − − 124 − − 1, 2ARP193 104 − − − 53 − − 1, 2NGC5104 39.9 38 − − − − − 2, 8NGC5135 194 − − − 107 − − 6, 7
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Table A.2: 
ontinued.Name S1.40GHz S2.38GHz S2.69GHz S2.70GHz S4.85GHz S5.00GHz S5.01GHz Referen
esNGC5194(M51) 1310 − − − 436 − 360 1, 10, 19NGC5218 30.4 − − − − − − 2NGC5236(M83) 2445 − − − 648 − − 6, 7, 16NGC5256 159 − − − 47 − − 1, 19NGC5257 48.7 48 − − − − − 2, 8NGC5253 83.8 − − − 90 75 − 6, 7, 14UGC8739 93.6 − − − 37 − − 1, 2MRK1365 23.0 14 − − − − − 2, 8NGC5430 65.9 − − − 29 − 40 1, 2, 10NGC5427 63 − − − − − − 26NGC5678 110 − − − 68 − − 2NGC5676 116 − − − 38 − 33 2NGC5713 222 − − − 93 73 − 1, 2, 14NGC5775 221 138 − − 67 − − 1, 8, 19NGC5900 60.4 − − − − 17 − 2, 10NGC5936 139 81 − − 48 − 59 1, 2, 8, 10ARP220 324 − 260 − 208 − − 1, 2, 3NGC5962 82.3 56 − − 36 − − 1, 2, 8NGC5990 63.9 39 − − − − − 2, 8NGC6181 95.6 60 − − 56 − − 1, 2, 8NGC6217 79.9 − − − − − − 2NGC6240 653 − − − 179 − 170 13, 16, 19NGC6286 157 − − − 53 − − 1, 2IRAS18293-3413 223 − − − 144 − − 6, 7NGC6701 92.2 − − − 22 − − 1, 6NGC6764 115.0 − − − 34 − 47 1, 2, 10NGC6946 1395 − − − 531 − − 1, 19NGC7130 183 − − − − − − 6
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Table A.2: 
ontinued.Name S1.40GHz S2.38GHz S2.69GHz S2.70GHz S4.85GHz S5.00GHz S5.01GHz Referen
esIC5179 165 − − − 79 − − 6, 7NGC7331 373 187 − − 80 − − 1, 2, 8NGC7469 255 132 − − 95 − − 8, 13, 19NGC7479 107 58 − − 41 − − 1, 2, 8NGC7496 36.3 − − − − − − 6NGC7541 162 101 − − 56 − − 1, 2, 8IC5298 24.2 − − − − − − 23NGC7552 276 − − − 139 − − 6, 18NGC7591 52.1 39 − − − − − 2, 8NGC7592 75 − − − − − − 27MRK319 31.6 21 − − − − − 2, 8NGC7673 43.4 30 − − − − − 2, 8NGC7678 49.5 36 − − − − − 2, 8MRK534 55.8 33 − − 45 − − 2, 8, 13NGC7679 55.8 33 − − 45 − − 2, 8, 13NGC7714 65.8 − − − 39 − − 1, 2NGC7771 229 97 − − 57 − − 1, 8, 19NGC7793 103 − − − − − − 6MRK332 36.5 27 − − − − − 2, 8



A.3. Far Infrared data 75A.3 Far Infrared dataTable A.3: IRAS measurements of the sample. All �uxes in [Jy℄.Referen
es:1: [SMK+03℄, 2: [MG+90℄, 3: [LVS+07℄, 4: [SSM04℄, 5: [Kna94℄, 6: [BNH+88℄,7: [SBNS89℄Name S12µm S25µm S60µm S100µm Referen
esMRK545 0.523 1.082 9.196 15.34 2NGC34 0.35 2.39 17.05 16.86 1MCG-02-01-051 0.24 1.19 7.35 10.22 4NGC174 0.41 1.27 11.36 19.77 1NGC232 0.36 1.28 10.05 17.14 1NGC253 41.04 154.67 967.81 1288.15 1IC1623 1.03 3.65 22.93 31.55 1NGC520 0.9 3.22 31.52 47.37 2NGC632 0.37 0.88 4.89 7.32 5NGC660 3.05 7.3 65.52 114.74 1NGC828 0.72 1.07 11.46 25.33 1NGC891 5.27 7 66.46 172.23 1NGC958 0.62 0.94 5.85 15.08 1NGC1055 2.24 2.84 23.37 65.26 1Ma�ei2 3.624 9.238 135 225 6NGC1068(M77) 39.84 87.57 196.37 257.37 1UGC2238 0.36 0.65 8.17 15.67 1NGC1097 2.96 7.3 53.35 104.79 1NGC1134 0.55 0.92 9.09 19.43 1NGC1365 5.12 14.28 64.31 165.67 1IC342 14.92 34.48 180.8 391.66 1UGC02982 0.57 0.83 8.39 16.82 1NGC1530 0.72 1.23 9.88 25.88 1NGC1569 1.24 9.03 54.36 55.29 1MRK617 0.441 7.286 32.31 32.69 1NGC1672 2.47 5.25 41.21 77.92 1MRK1088 0.2659 0.835 6.605 10.77 1NGC1808 5.4 17 105.55 141.76 1NGC1797 0.33 1.35 9.56 12.76 1MRK1194 0.283 0.7071 6.688 11.5 2NGC2146 6.83 18.81 146.69 194.05 1NGC2276 1.07 1.63 14.29 28.97 1NGC2403 2.82 3.57 41.47 99.13 1NGC2415 0.61 1.19 8.75 13.58 1NGC2782 0.64 1.51 9.17 13.76 1NGC2785 0.49 1.09 8.4 15.79 1NGC2798 0.76 3.21 20.6 29.69 2NGC2903 5.29 8.64 60.54 130.43 1



76 Appendix A. The sour
e 
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ontinued.Name S12µm S25µm S60µm S100µm Referen
esMRK708 0.46 0.8 5.36 8.24 1NGC3034(M82) 79.43 332.63 1480.42 1373.69 1NGC3079 2.54 3.61 50.67 104.69 1NGC3147 1.95 1.03 8.17 29.61 1NGC3256 3.57 15.69 102.63 114.31 1MRK33 0.21 1.05 4.77 5.99 5NGC3310 1.54 5.32 34.56 44.19 1NGC3367 0.51 1.98 6.44 13.48 1NGC3448 0.22 0.64 6.64 11.17 1NGC3504 1.11 4.03 21.43 34.05 1NGC3556(M108) 2.29 4.19 32.55 76.9 1NGC3627(M66) 4.82 8.55 66.31 136.56 1NGC3628 3.13 4.85 54.8 105.76 1NGC3683 1.16 1.48 13.87 29.3 1NGC3690 3.97 24.51 113.05 111.42 2MRK188 0.3621 0.4515 4.576 11.52 2NGC3893 1.45 1.65 15.57 36.8 1NGC3994 0.32 0.46 4.98 10.31 4NGC4030 1.35 2.3 18.49 50.92 1NGC4041 1.13 1.56 14.15 31.74 2NGC4102 1.77 6.83 46.85 70.29 1MRK1466 0.325 1.236 6.265 10.52 2MRK759 0.2995 0.537 4.116 8.727 2NGC4194 0.99 4.51 23.2 25.16 1NGC4214 0.58 2.46 17.57 29.08 2NGC4273 0.77 1.65 9.38 21.76 1NGC4303(M61) 3.28 4.9 37.27 78.74 1NGC4414 2.78 3.61 29.55 70.69 1NGC4418 0.99 9.67 43.89 31.97 1NGC4527 2.65 3.55 31.4 65.68 1NGC4536 1.55 4.04 30.26 44.51 1NGC4631 5.16 8.97 85.4 160.08 1NGC4666 3.34 3.89 37.11 85.95 1NGC4793 1.08 1.57 12.42 28.11 1NGC4826(M64) 2.36 2.86 36.7 81.65 1NGC4945 27.47 42.34 625.46 1329.7 1NGC5005 1.65 2.26 22.18 63.4 1NGC5020 0.36 0.72 5.58 11.7 1NGC5055(M63) 5.35 6.36 40 139.82 1ARP193 0.25 1.42 17.04 24.38 1NGC5104 0.39 0.74 6.78 13.37 1NGC5135 0.63 2.38 16.86 30.97 1NGC5194(M51) 7.21 9.56 97.42 221.21 1



A.3. Far Infrared data 77Table A.3: 
ontinued.Name S12µm S25µm S60µm S100µm Referen
esNGC5218 0.37 0.94 7.01 13.54 1NGC5236(M83) 21.46 43.57 265.84 524.09 1NGC5256 0.32 1.07 7.25 10.11 1NGC5257 0.52 1.18 8.1 13.63 4NGC5253 2.612 12.07 29.84 30.08 2UGC8739 0.35 0.42 5.79 15.89 1MRK1365 0.1562 0.6445 4.203 6.113 2NGC5430 0.5 1.94 10.1 20.34 1NGC5427 1.29 1.48 10.24 25.29 1NGC5678 0.94 1.2 9.67 25.66 1NGC5676 1.13 1.7 12.04 29.91 1NGC5713 1.47 2.84 22.1 37.28 1NGC5775 1.83 2.47 23.59 55.64 1NGC5900 0.4 0.7 7.51 16.95 1NGC5936 0.48 1.47 8.73 17.66 1ARP220 0.61 8 104.09 115.29 1NGC5962 0.73 1.04 8.93 21.82 1NGC5990 0.6 1.6 9.59 17.14 1NGC6181 0.63 1.41 8.94 20.83 1NGC6217 0.74 2.03 11.35 20.62 1NGC6240 0.59 3.55 22.94 26.49 1NGC6286 0.47 0.62 9.24 23.11 1IRAS18293-3413 1.14 3.98 35.71 53.38 1NGC6701 0.55 1.32 10.05 20.05 1NGC6764 0.54 1.33 6.62 12.44 1NGC6946 12.11 20.7 129.78 290.69 1NGC7130 0.58 2.16 16.71 25.89 1IC5179 1.18 2.4 19.39 37.29 1NGC7331 3.94 5.92 45 110.16 1NGC7469 1.59 5.96 27.33 35.16 1NGC7479 1.37 3.86 14.93 26.73 1NGC7496 0.58 1.93 10.14 16.57 1NGC7541 1.52 2.09 20.08 41.87 1IC5298 0.34 1.95 9.06 11.99 1NGC7552 3.76 11.92 77.37 102.92 1NGC7591 0.28 1.27 7.87 14.87 1NGC7592 0.26 0.97 8.05 10.58 1MRK319 0.2211 0.5418 4.266 7.062 2NGC7673 0.1329 0.5165 4.98 6.893 1, 2NGC7678 0.63 1.16 6.98 14.84 1MRK534 0.5 1.12 7.4 10.71 1NGC7679 0.5 1.12 7.58 10.71 1NGC7714 0.47 2.88 11.16 12.26 1
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atalog of Starburst-GalaxiesTable A.3: 
ontinued.Name S12µm S25µm S60µm S100µm Referen
esNGC7771 0.99 2.17 19.67 40.12 1NGC7793 1.32 1.67 18.14 54.07 1MRK332 0.3598 0.6212 4.871 9.493 2



A.4. X-ray data 79A.4 X-ray data
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Table A.4: X-Ray measurements of the sample. All �uxes in [nJy℄.Referen
es:1: [RLR96℄, 2: [FKT92℄, 3: [WGA00℄, 4: [TTW+05℄, 5: [BSB94℄, 6: [OWB05℄, 7: [TPR+06℄, 8: [TWV+05℄, 9: [S+07℄,10: [GMP05℄Name EO IPC EINSTEIN Chandra ROSAT ROSAT Chandra XMM Referen
es0.1-4 keV 0.2-4.0 keV 0.1-2.4 keV 0.2-2.0 keV 0.1-2.4 keV 0.3-8 keV 0.3-2 keVNGC34 − − − − − − 23 9NGC520 − − − 33.4 − − − 3NGC660 − − − 45.1 − − − 3NGC891 − − − − − − 69.4 7NGC1068(M77) − 3940 − − 10900 − − 2, 5NGC1097 − 578 − − − − − 2NGC1365 − 326 − − − − − 2IC342 − 939 − − − − − 2NGC1569 − 368 − − − − − 2MRK617 − 124 − − − − − 2MRK1088 − − − 42.3 − − − 8NGC1808 − − − − 446 − − 5NGC2403 − 364 − − − − − 2NGC2415 − − − 63.8 − − − 3NGC2903 − 273 − 46.4 − − − 2, 3NGC3034(M82) − 4490 − − − − − 2NGC3079 − 113 − − − − − 2NGC3256 − − − − 1060 − − 5NGC3310 − 208 − − − − − 2NGC3367 102 − − − − − − 1NGC3448 − 72.6 − − − − − 2NGC3504 − 76.8 − − − − − 2NGC3627(M66) − − − − 603 − − 5NGC3690 − 91.5 − − − − − 2
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Table A.4: 
ontinued.Name EO IPC EINSTEIN Chandra ROSAT ROSAT Chandra XMM Referen
es0.1-4 keV 0.2-4.0 keV 0.1-2.4 keV 0.2-2.0 keV 0.1-2.4 keV 0.3-8 keV 0.3-2 keVNGC4102 − − − − − − 45.1 9NGC4214 − − − − − 75.6 − 6NGC4273 − − − 67.1 − − − 3NGC4303(M61) − 180 − − 233 − − 2, 5NGC4536 − 112 − − − − − 2NGC4631 − 263 − − − − − 2NGC4826(M64) − 150 − 53.3 − − − 3NGC4945 − − − − 794 − − 5NGC5135 − 63.9 − 176 − − − 3NGC5236(M83) − 972 − − 954 − − 2, 5NGC5256 − − − − − − 9.93 10NGC5253 − 41.4 − 38.5 − 35.8 − 2, 3, 6NGC5775 − − − − − − 15.8 7ARP220 45.69 − − − − − − 1NGC6240 − − − − 914 − − 5NGC6946 − 611 − − − − − 2NGC7331 − 16.8 − 76.7 − − − 2, 3NGC7469 − 12000 − − − − − 2NGC7552 − 167 − − − − − 2MRK534 − 204 − − − − − 3NGC7679 − 204 − − − − − 2NGC7714 − 53.8 − − − − − 2NGC7771 − 138 − − − − − 2NGC7793 − 130 − − − − − 2





Appendix BSupplementary plots
B.1 Optimization plots of the AMANDA analysisIn the following the plots optained during the optimization pro
ess are shown: Relativestrength of the sour
es ,signi�
an
e versus number of sour
es, Signi�
an
e versus sear
hbin size and signi�
an
e distribution for s
rambled datasets.Starburst-Galaxies
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Figure B.1: The relative strength of the sample of Starburst-Galaxies at a wavelength of
60µm. The sour
es are ordered a

ording to their �ux, the strongest sour
e,M82, has the value 1.The �gures B.2 and B.3 show the optimization of the number of sour
es. Figure B.2 showsthat the sample is dominated by the strongest sour
e in the sample (M82). Therefore, for



84 Appendix B. Supplementary plotsthe further analysis, this sour
e was skipped resulting in �gure B.3. The optimal numberof sour
es to sta
k is 13. Figure B.4 shows the next step of the optimization. The
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Figure B.2: Median signi�
an
e of the sample of Starburst-Galaxies in dependen
e of thenumber of sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e.The signi�
an
e is monotonously de
reasing, the sample is dominated by thestrongest sour
e.
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Figure B.3: The same �gure as �gure B.2 but without the strongest sour
e. The signi�
an
erea
hes a maximum at 13 sour
es.
urves show the median signi�
an
e of the sample in dependen
e of the sear
h bin sizefor 13 sour
es sta
ked. A maximum is rea
hed for a sear
h bin size of 2.4◦. After �xing
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Figure B.4: Median signi�
an
e for di�erent sear
h bins. The optimal sear
h bin size is
2.4◦.the sta
king parameters the sample was analyzed using s
rambled data. As expe
ted thesigni�
an
e of the 1000 analyzed data sets follows a Gaussian distribution 
entered around

0.
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Figure B.5: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.



86 Appendix B. Supplementary plotsCSS/GPS sour
esThese 
ompa
t sour
es were sta
ked a

ording to their radio �ux measured at 1.4GHz.Radio emissions at this frequen
y is syn
hrotron radiation of primary ele
trons. This servesas a proof that 
harged parti
les are a

elerated in the sour
e. Thus it is likely that alsoprotons are a

elerated. Sin
e this sour
e 
lass 
ontains 
ompa
t sour
es these a

eleratedprotons 
an undergo proton proton intera
tions in whi
h neutrinos are produ
ed. Therelative strength of the sour
es is shown in �gure B.6. The �gures B.7, B.8 and B.9 showthe optimization pro
ess resulting in 7 sour
es to sta
k with a sear
h bin of 2.7◦.
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Figure B.6: The relative strength of the CSS/GPS sour
es at 1.4GHz. The sour
es areordered a

ording to their �ux, the strongest sour
e has the value 1.
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Figure B.7: Median signi�
an
e of the sample of CSS/GPS sour
es in dependen
e of thenumber of sour
es. Maximum is rea
hed for 7 sour
es.
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Figure B.8: Sear
h bin variation for CSS/GPS sour
es. The optimal sear
h bin is 2.4◦.



88 Appendix B. Supplementary plots

Significance
-5 -4 -3 -2 -1 0 1 2 3 4 5

C
ou

nt
s

0

50

100

150

200

250

300

Scrambled Data, CSS/GPS sources, 7 years

Figure B.9: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.



B.1. Optimization plots of the AMANDA analysis 89FR-I and FR-II galaxiesThese sour
es were reanalyzed and the samples were taken from [SMAD85℄ and sta
kedwith the radio �ux at 178MHz. Both samples were dominated by the strongest sour
es,M87 and 3C123 respe
tively. The optimization pro
ess yields 14 sour
es to sta
k with asear
h bin of 2.4◦ for the FR-I galaxies and 15 sour
es and 2.2◦ for the FR-II galaxies.The relative strengths in the samples are in �gure B.10 and B.11. Figures B.12, B.13, B.14and B.15 show the optimization of the number of sour
es, the size of the sear
h bin andthe results for s
rambled data for the FR-I galaxies. The a

ording plots for the FR-IIgalaxies are in the �gures 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 178MHz.
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Figure B.11: The relative strength of the FR-II at 178MHz.
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Figure B.12: Median signi�
an
e of the sample of FR-I sour
es in dependen
e of the numberof sour
es. The sample is dominated by M87.
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Figure B.13: Median signi�
an
e of the sample of FR-I sour
es without M87 in dependen
eof the number of sour
es. The optimal number of sour
es is 14.
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Figure B.14: Sear
h bin variation for FR-I sour
es. The optimal sear
h bin is 2.4◦.
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Figure B.15: Analysis of the sample with 1000 s
rambled data sets. The signi�
an
e followsa Gaussian distribution with a mean of 0.
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Figure B.16: Median signi�
an
e of the sample of FR-II sour
es in dependen
e of the num-ber of sour
es. This sample is dominated by 3C123.
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Figure B.17: The same plot without 3C123 in dependen
e of the number of sour
es, 15sour
es should be sta
ked.
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Figure B.18: The sear
h bin variation for FR-II sour
es yields an optimal sear
h of 2.4◦.
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Figure B.19: The mean of the signi�
an
e of the analysis of s
rambled data sets is 0.



B.1. Optimization plots of the AMANDA analysis 95BlazarsThe blazar sample was sta
ked with the �ux measured by Fermi LAT in an energy rangefrom 1 − 100GeV. This sample was dominated by 0FGL J0238.6+1636. For this sour
eFermi LAT does not name a 
orrelation to a previous dete
ted sour
e and has marked thissour
e as variable. The optimization results in a sta
king of 12 sour
es with a sear
h binof 2.4◦. Relative strength 
an be seen in �gure B.20.
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Figure B.20: The relative strength of the Fermi LAT blazars between 1GeV and 100GeV.
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Figure B.21: The sample is dominated by the strongest sour
e, the signi�
an
e is alwaysde
reasing.
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Figure B.22: The Fermi LAT blazar sample without the strongest sour
e, 12 sour
es areoptimal for sta
king.
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Figure B.23: The sear
h bin variation for Fermi LAT blazars yields an optimal sear
h of
2.4◦.
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Figure B.24: The mean of the signi�
an
e of the analysis of s
rambled data sets is 0.



98 Appendix B. Supplementary plotsFlat spe
trum radio quasarsThe sample for this sour
e 
lass was also taken from the Fermi LAT bright sour
es list[Abd09℄. Like the blazars it was sta
ked with the �ux between 1GeV and 100GeV. Thissample was dominated by the two strongest sour
es, 3C454.3 and PKS 1502+106. Anoptimization was possible after skipping these two sour
es and it returns a number ofsour
es of 11 sour
es and a sear
h bin of 2.6◦.
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Figure B.25: The relative strength of the Fermi LAT FSRQs between 1GeV and 100GeV.
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Figure B.26: The sample is dominated by the strongest sour
e, the signi�
an
e is alwaysde
reasing.
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Figure B.27: The Fermi LAT blazar sample without PKS1502+106, 12 sour
es are optimalfor sta
king.
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Figure B.28: The sear
h bin variation for Fermi LAT FSRQs yields an optimal sear
h of
2.6◦.
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Figure B.29: For the FSRQs the analysis of s
rambled data sets delivers a mean signi�
an
eof 0.



B.1. Optimization plots of the AMANDA analysis 101Fermi LAT pulsarsAlso 
lassi�ed and measured by Fermi LAT the pulsars were sta
ked with the same �uxlike the blazars and FSRQs measured by Fermi LAT. This sample was dominated by theGeminga pulsar whi
h was therefore removed from the sample in order to optimize. Theoptimal parameters for this sample are a sta
king with 4 sour
es and a sear
h bin with
2.9◦ angular diameter. See the following �gures for details.
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Figure B.30: The relative strength of the Fermi LAT pulsars between 1GeV and 100GeV.
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Figure B.31: The sample is dominated by the Geminga pulsar.
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Figure B.32: The Fermi LAT pulsar sample without Geminga, 4 sour
es are optimal forsta
king.
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Figure B.33: The sear
h bin variation for Fermi LAT pulsars yields an optimal sear
h of
2.9◦.
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Figure B.34: The analyzed pulsars with s
rambled data sets shows a mean signi�
an
e of
0.



104 Appendix B. Supplementary plotsRandomized sour
esThe analysis method has also been tested with 1000 sour
e 
atalogs with sour
es withrandomized RA and DEC. A sear
h bin of 2.4◦ has been used and 15 sour
es were sta
ked.This are the parameters obtained for the Starburst-Galaxies. The distribution of mediansigni�
an
e of the sta
ked signal of the 
atalogs 
an be seen in �gure B.35. As expe
tedfor randomized sour
es this distribution is Gaussian with a mean of 0 like in the analysiswith the s
rambled data sets. Similar analysis for other parameters give the same result.
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Figure B.35: Signi�
an
e distribution in an analysis with 1000 randomized sour
e 
atalogs.



B.2. Optimization plots of the IC-22 analysis 105B.2 Optimization plots of the IC-22 analysisStarburst-Galaxies
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Figure B.36: Median signi�
an
e of the sample of Starburst-Galaxies in dependen
e of thenumber of sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e.The optimal number of sour
es was determined to be 8 sour
es.

Significance
-5 -4 -3 -2 -1 0 1 2 3 4 5

C
ou

nt
s

0

50

100

150

200

250

Scrambled Data, Starburst-Galaxies, IC22

Figure B.37: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.
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es
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Figure B.38: Median signi�
an
e for the CSS/GPS sour
es inn dependen
e of the numberof sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e. Theoptimal number of sour
es was determined to be 7 sour
es.
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Figure B.39: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.
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Figure B.40: Median signi�
an
e of the sample of FR-I galaxies in dependen
e of the num-ber of sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e. Thesample is dominated by M87.
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Figure B.41: Median signi�
an
e of the sample of FR-I galaxies in dependen
e of the num-ber of sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e, leavingout the dominating sour
e. The optimal number of sour
es is 16.
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Figure B.42: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.FR-II galaxies
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Figure B.43: Median signi�
an
e of the sample of FR-II galaxies in dependen
e of thenumber of sour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e.The optimal number of sour
es was found to be 2 sour
es.
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Figure B.44: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.Fermi LAT blazars

 N sources 
0 5 10 15 20 25 30 35

  M
ed

ia
n 

S
ig

ni
fic

an
ce

 

0

0.5

1

1.5

2

2.5

 search bin, IC22°Fermi LAT Blazars, 1.5

S1=1

S1=2

S1=3

S1=4

Figure B.45: Median signi�
an
e of the sample of blazars in dependen
e of the number ofsour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e. The sampleis dominated by 0FGL J0238.6+1636.
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Figure B.46: Median signi�
an
e of the sample of blazars in dependen
e of the number ofsour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e, leaving outthe dominating sour
e. The optimal number of sour
es is 9.

Significance
-5 -4 -3 -2 -1 0 1 2 3 4 5

C
ou

nt
s

0

50

100

150

200

250

300

350

Scrambled Data, Fermi LAT blazars w.o.0FGL J0238.6+1636, IC22

Figure B.47: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.
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 N sources 
0 2 4 6 8 10 12 14 16

  M
ed

ia
n 

S
ig

ni
fic

an
ce

 

0

0.5

1

1.5

2

2.5

3

3.5

 search bin, IC22°Fermi LAT FSRQs, 1.5

S1=1

S1=2

S1=3

S1=4

Figure B.48: Median signi�
an
e of the sample of FSRQs in dependen
e of the number ofsour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e. The optimalnumber of sour
es is 2 sour
es.
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Figure B.49: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.



Fermi LAT pulsars
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Figure B.50: Median signi�
an
e of the sample of pulsars in dependen
e of the number ofsour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e. The sampleis dominated by the Geminga pulsar (0FGL J0634.0+1745).
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Figure B.51: Median signi�
an
e of the sample of pulsars in dependen
e of the number ofsour
es for 1, 2, 3 or 4 signal neutrinos from the strongest sour
e, leaving outthe dominating sour
e. The optimal number of sour
es is 3.
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Figure B.52: Distribution of the median signi�
an
e for 1000 s
rambled data sets. It followsa Gaussian distribution with a mean of 0.





Appendix CSour
e lists
In this appendix there are the lists of sour
es sta
ked in both analyzes, RA and DECare in degress and use the epo
h J2000.0. The positions were aquired from the NASAextragala
ti
 database (NED), the sour
e 
atalogs for the FR-I and FR-II galaxies as wellas the CSS/GPS sour
es are from [Gro06℄ and referen
es therin. The 
omplete sour
e
atalog of Starburst-Galaxies was dis
ussed in 3.1 and 
an be found in A. The sour
e
atalogs for the blazars, FSRQs and pulsars were taken from [Abd09℄.C.1 Sour
es lists for the AMANDA analysisStarburst-GalaxiesSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�60µm [Jy℄IC 342 56.7021 68.0961 180.8NGC2146 94.6571 78.357 146.69Ma�ei2 40.4795 59.6041 135NGC6946 308.718 60.1539 129.78NGC3690 172.134 58.5622 113.05ARP220 233.738 23.5032 104.09NGC5194(M51) 202.47 47.1952 97.42NGC4631 190.533 32.5415 85.4NGC891 35.6392 42.3491 66.46NGC3627(M66) 170.063 12.9915 66.31NGC6606 25.7598 13.6457 65.52NGC2903 143.042 21.5008 60.54NGC3628 170.071 13.5895 54.8Table C.1: The Starburst-Galaxies sele
ted for sta
king with the AMANDA data.



116 Appendix C. Sour
e listsCSS/GPS sour
esSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�1.4GHz [mJy℄3C147 85.6505746 49.8520094 22880.03C48 24.4220808 33.1597594 16018.23C286 202.7845329 30.5091550 14903.23C138 80.2911917 16.6394586 8603.33C309.1 224.7815996 71.6721853 7468.93C287 202.6570442 25.1530214 7052.64C12.50 206.8890067 12.2900667 5155.0Table C.2: The CSS/GPS sele
ted for sta
king with the AMANDA data.FR-I galaxiesSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�178MHz [mJy℄PerseusA 49.9506671 41.5116961 67.73C433.0 320.935559 25.069967 54.4NGC6166 247.160333 39.551556 51.13C310.0 226.238021 26.016261 45.03C66.0 35.6064 43.0132 35.7NGC1265 49.566083 41.857722 33.33C386.0 279.609395 17.197023 26.0NGC3862 176.2708708 19.6063169 26.0UGC11958 333.69542 13.84000 22.03C288.0 204.707809 38.852568 20.6M84 186.2655971 12.8869831 19.03C315.0 228.416983 26.125335 18.2NGC383 16.8539946 32.4125594 17.973C346.0 250.9524958 17.2637389 11.8Table C.3: The FR-I galaxies sele
ted for sta
king with the AMANDA data.



C.1. Sour
es lists for the AMANDA analysis 117FR-II galaxiesSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�178MHz [mJy℄3C295.0 212.836029 52.202512 83.53C196.0 123.4001379 48.2173778 68.23C452.0 341.453208 39.687694 54.43C33.0 17.220251 13.337166 54.43C390.3 280.5374579 79.7714242 47.53C98.0 59.726792 10.434167 47.23C20.0 10.786841 52.059387 42.93C219.0 140.285958 45.649278 41.23C234.0 150.456485 28.785919 31.43C61.1 35.65000 86.31889 31.23C79.0 47.500375 17.099528 30.53C330.0 242.402530 65.945446 27.83C427.1 316.026561 76.553199 26.63C47.0 24.101667 20.957500 26.43C388.0 281.010000 45.558250 45.5Table C.4: The FR-II galaxies sele
ted for sta
king with the AMANDA data.Fermi LAT blazarsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�1GeV− 100GeV [10−8
m−2s−1℄0FGLJ1104.5+3811 166.137 38.187 2.610FGLJ0222.6+4302 35.653 43.043 2.610FGLJ0722.0+7120 110.508 71.348 1.490FGLJ1555.8+1110 238.951 11.181 1.460FGLJ1218.0+3006 184.517 30.108 1.410FGLJ1719.3+1746 259.830 17.769 1.140FGLJ1221.7+2814 185.439 28.243 1.030FGLJ1751.5+0935 267.893 9.591 1.000FGLJ1015.2+4927 153.809 49.463 1.000FGLJ1427.1+2347 216.794 23.785 0.920FGLJ0818.3+4222 124.579 42.367 0.790FGLJ0112.1+2247 18.034 22.790 0.65Table C.5: The Fermi LAT balzars sele
ted for sta
king with the AMANDA data.



118 Appendix C. Sour
e listsFermi LAT FSRQsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�1GeV− 100GeV [10−8
m−2s−1℄0FGLJ1229.1+0202 187.29 2.05 1.610FGLJ0654.3+4513 103.59 45.22 1.260FGLJ1553.4+1255 238.37 12.92 1.080FGLJ1849.4+6706 282.37 67.1 1.070FGLJ1522.2+3143 230.55 31.73 1.060FGLJ1310.6+3220 197.66 32.34 0.930FGLJ1635.2+3809 248.82 38.16 0.920FGLJ0957.6+5522 149.42 55.38 0.790FGLJ1015.9+0515 153.99 5.25 0.670FGLJ1847.8+3223 281.96 32.39 0.640FGLJ0714.2+1934 108.55 19.57 0.51Table C.6: The Fermi LAT FSRQs sele
ted for sta
king with the AMANDA data.Fermi LAT pulsarsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Flux�1GeV− 100GeV [10−8
m−2s−1℄0FGLJ0534.6+2201(Crab) 83.65 22.02 15.400FGLJ2021.5+4026 305.4 40.44 10.600FGLJ1836.2+5924 279.06 59.41 8.360FGLJ2020.8+3649 305.22 36.83 6.28Table C.7: The Fermi LAT pulsars sele
ted for sta
king with the AMANDA data.



C.2. Sour
es lists for the IC-22 analysis 119C.2 Sour
es lists for the IC-22 analysisHere the sour
es were ranked a

ording to a sta
king parameter des
ribed in 5.4.Starburst-GalaxiesSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.NGC3034 (M82) 148.968 69.6797 1ARP220 233.738 23.5032 0.188641NGC660 25.7598 13.6457 0.13568NGC3627 (M66) 170.063 12.9915 0.135091IC 342 56.7021 68.0961 0.12754NGC4631 190.533 32.5415 0.118678NGC2903 143.042 21.5008 0.111758NGC5194 (M51) 202.47 47.1952 0.110221Table C.8: The Starburst-Galaxies sele
ted for sta
king with the IC-22 data.CSS/GPS sour
esSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.3C286 202.785 30.5092 13C147 85.6506 49.852 0.9992723C138 80.2912 16.6395 0.754163C48 24.4221 33.1598 0.6867533C287 202.657 25.153 0.4151964C12.50 206.889 12.2901 0.39572PKS0428+20 67.7657 20.6262 0.289942Table C.9: The CSS/GPS sour
es sele
ted for sta
king with the IC-22 data.



120 Appendix C. Sour
e listsFR-I galaxies Sour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.3C433.0 320.936 25.07 1PerseusA 49.9507 41.5117 0.8217293C310.0 226.238 26.0163 0.810219NGC6166 247.16 39.5516 0.6966663C386.0 279.609 17.197 0.571184NGC3862 176.271 19.6063 0.5560893C66.0 35.6064 43.0132 0.524969UGC11958 333.695 13.84 0.513734M84 186.266 12.887 0.487639NGC1265 49.5661 41.8577 0.4382493C315.0 228.417 26.1253 0.405783C28.0 13.9597 26.4096 0.33799NGC5532 214.221 10.8074 0.337153C346.0 250.952 17.2637 0.3330813C288.0 204.708 38.8526 0.292762NGC7720 354.622 27.0315 0.290775Table C.10: The FR-I galaxies sele
ted for sta
king with the IC-22 data.FR-II galaxies Sour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.3C123.0 69.2682 29.6705 13C33.0 17.2203 13.3372 0.3391Table C.11: The FR-II galaxies sele
ted for sta
king with the IC-22 data.



C.2. Sour
es lists for the IC-22 analysis 121Fermi LAT blazarsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.0FGLJ1104.5+3811 166.137 38.187 10FGLJ0222.6+4302 35.653 43.043 0.6923870FGLJ1555.8+1110 238.951 11.181 0.6661910FGLJ1751.5+0935 267.893 9.591 0.637020FGLJ1719.3+1746 259.83 17.769 0.6165650FGLJ1218.0+3006 184.517 30.108 0.4944470FGLJ1427.1+2347 216.794 23.785 0.3899050FGLJ1221.7+2814 185.439 28.243 0.3871640FGLJ1015.2+4927 153.809 49.463 0.312798Table C.12: The Fermi LAT blazars sele
ted for sta
king with the IC-22 data.Fermi LAT FSRQsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.0FGLJ2254.0+1609 343.5 16.15 10FGLJ1504.4+1030 226.12 10.51 0.603106Table C.13: The Fermi LAT FSRQs sele
ted for sta
king with the IC-22 data.Fermi LAT pulsarsSour
e RA [ ◦ ℄ DEC [ ◦ ℄ Sta
k. Param.0FGLJ0534.6+2201(Crab) 83.65 22.02 10FGLJ2021.5+4026 305.4 40.44 0.4897270FGLJ1907.5+0602 286.89 6.03 0.348537Table C.14: The Fermi LAT pulsars sele
ted for sta
king with the IC-22 data.
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