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Abstract

IceCube is a cubic-kilometer Cherenkov telescope operating at the South Pole. In
2013, it discovered a diffuse flux of high-energy astrophysical neutrinos and has recently
found compelling evidence for a flaring blazar being a source of high-energy neutrinos.
However, the sources responsible for the emission of the majority of the detected
neutrinos are still unknown. The goal of this thesis is to probe a specific class of
astrophysical sources as neutrino production sites. It explores the possibility that the
neutrino flux observed by IceCube is produced in the cores of Active Galactic Nuclei
(AGN). Various models have predicted neutrino emission from the accretion disks of
AGN. In this case, the neutrino luminosity would not depend strongly on the properties
of the relativistic jet. Both jetted and non-jetted AGN could contribute to the neutrino
flux. A stacking analysis is conducted to test for a correlation between various sub-
populations of AGN and high-energy neutrinos using eight years of IceCube data. AGN
are selected based on their radio emission, infrared color properties, and X-ray flux
using the NVSS, AllWISE, ROSAT and XMMSL2 catalogs. The accretion disk luminosity
estimated by the observed soft X-ray flux is used as a proxy for the contribution of
selected galaxies to the neutrino signal. Each tested sample contains more than ten
thousands sources, leading to an unprecedented stacking analysis performance. Two of
the three AGN samples tested in this analysis show over-fluctuations, with the highest
significance being of 3.16σ (pre-trial) and of 2.83σ after trial correction. The luminous
AGN population is thus found to contribute to ∼ 52% of the diffuse flux measured by
IceCube at 100 TeV with a best-fit spectral index of 2. For the low-luminosity AGN
sample a post-trial significance of only 0.66σ is found, therefore upper limits are set.
Assuming the spectral index for the astrophysical flux to be 2 and an equal composition
of neutrino flavours arriving at Earth, an upper flux limit is calculated which constrains
the maximal contribution of the cores of low-luminosity AGN to the diffuse TeV-PeV
neutrino flux to be ∼ 51% at 100 TeV.

A new reconstruction method has also been developed for this thesis. In IceCube
high-energy muon neutrinos are identified through the secondary muons produced
via charge current interactions with the ice. Thus far, directional reconstructions of
the muon track neglects photomultiplier-related effects such as prepulses and assume
continuous energy losses along the muon track. In a newly-developped reconstruction
scheme presented in this thesis, the expected arrival time distribution is parameter-
ized by a predetermined stochastic muon energy loss pattern. This more realistic
parametrization of the muon energy loss profile leads to an improvement of about 20%
to the muon angular resolution of IceCube.





Zusammenfassung

IceCube ist ein kubikkilometer großes Cherenkov-Teleskop am Südpol. Im Jahr
2013 entdeckte es einen diffusen Fluss hochenergetischen astrophysikalischen Neu-
trinos und es hat kürzlich überzeugende Beweise dafür gefunden, dass ein aufflam-
mender Blazar eine Quelle für hochenergetische Neutrinos sei. Allerdings sind die
Quellen die für die Mehrzahl der nachgewiesenen Neutrinos verantwortlich sind,
noch unbekannt. Das Ziel dieser Arbeit ist, eine bestimmte Klasse astrophysikalischer
Quellen als Neutrino-Produktionsstätten zu erforschen. Diese Arbeit untersucht die
Möglichkeit, dass der beobachtete Neutrino-Fluss im Zentrum von aktiven galaktischen
Kernen (AGN) erzeugt wird. Verschiedene Modelle haben eine Neutrinoemission von
den Akkretionsscheiben von AGN vorhergesagt. In diesem Fall würde die Neutrino-
Leuchtkraft nicht stark von den Parametern des relativistischen Jets abhängen. AGN
mit und ohne Jet könnten zum Neutrino-Fluss beitragen. Eine Stacking-Analyse wird
durchgeführt, um die Korrelation zwischen verschiedenen Subpopulationen von AGN
und hochenergetischen Neutrinos unter Verwendung von IceCube-Daten aus acht
Jahren zu testen. AGN werden anhand ihrer Radioemission, Infrarot-Farbeigenschaften
und ihres Röntgenflusses anhand der Kataloge NVSS, AllWISE, ROSAT und XMMSL2
ausgewählt. Die Leuchtkraft der Akkretionsscheibe wird verwendet, um den Beitrag
ausgewählter Galaxien zum Neutrinosignal zu gewichten. Jede getestete Probe enthält
mehr als zehntausend Quellen, was zu beispiellosen Stacking-Leistungen führt. Zwei
der drei in dieser Analyse getesteten AGN-Proben zeigen leichte Überfluktuationen,
wobei die höchste Signifikanz bei 3.16σ (pre-trial) bzw. 2.83σ post-trial liegt. Die leuch-
tende AGN-Population trägt somit zu ∼ 52% des von IceCube gemessenen diffusen
Flusses bei 100 TeV mit einem Best-Fit-Spektralindex von 2 bei. Für die AGN-Probe mit
geringer Leuchtkraft wird eine Signifikanz nach dem Versuch von nur 0.66σ gefunden,
daher werden Obergrenzen festgelegt. Unter Annahme des Spektralindex für den
astrophysikalischen Fluss von 2 und einer gleichverteilten gleiche Zusammensetzung
Neutrinoflavour-Zusammensetzung auf der Erde, wird eine obere Flussgrenze berech-
net, die den maximalen Beitrag der Kerne von AGN mit geringer Leuchtkraft zum
diffusen TeV-PeV-Neutrino-Fluss auf ∼ 51% bei 100 TeV beschränkt.

Für diese Arbeit wurde auch eine neue Rekonstruktionsmethode entwickelt. In Ice-
Cube werden hochenergetische Myon-neutrinos durch die sekundären Myonen identi-
fiziert, die durch Wechselwirkungen über geladene Ströme mit dem Eis erzeugt werden.
Bisherige Rekonstruktionen der Myonspur vernachlässigen die mit dem Sekundär-
Elektronen-Vervielfacher (PMT) verbundenen Effekte und setzen kontinuierliche En-
ergieverluste entlang der Myonspur voraus. In dem hier vorgestellten neu entwickelten
Rekonstruktionsschema wird die erwartete Ankunftszeitverteilung durch ein vorbes-



timmtes stochastisches Myon-Energieverlustprofil parametrisiert. Diese realistischere
Parametrisierung führt zu einer Verbesserung der Myon-Winkelauflösung in IceCube
um etwa 20%.



Contents

Abstract i

List of Figures vi

List of Tables x

1 Introduction 1

Theory and Instruments of Neutrino Astronomy 5

2 Multimessenger astronomy and astrophysical neutrinos 7
2.1 Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Photons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Gravitational Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Neutrino astronomy with IceCube 19
3.1 The IceCube neutrino observatory . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Neutrino detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Event topologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 Muon propagation and energy losses . . . . . . . . . . . . . . . . . . . . 30
3.5 Observation of astrophysical neutrinos . . . . . . . . . . . . . . . . . . . 32
3.6 IceCube-Gen2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4 IceCube and IceCube-Gen2 PSF improvements 37
4.1 Muon track reconstruction in IceCube . . . . . . . . . . . . . . . . . . . . 37
4.2 Improving the muon track reconstruction . . . . . . . . . . . . . . . . . . 47
4.3 The SegmentedSplineReco reconstruction . . . . . . . . . . . . . . . . . . 55
4.4 The error estimation of the directional reconstruction . . . . . . . . . . . 63

Analysis: neutrinos from AGN cores 67

5 Active Galactic Nuclei as neutrino sources 69
5.1 Active Galactic Nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 AGN accretion disks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3 AGN classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75



5.4 Neutrinos from AGN cores . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 Active Galactic Nuclei selection 83
6.1 Selection criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 The datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.3 Positional cross-match . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4 Radio–selected AGN sample . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.5 IR–selected AGN sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.6 LLAGN sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.7 Completeness of the samples . . . . . . . . . . . . . . . . . . . . . . . . . 98

7 Correlation between IceCube neutrinos and AGN cores 101
7.1 Analysis method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.2 Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
7.3 Expected performances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

8 Results 115
8.1 P-values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.2 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8.3 Best-fit neutrino spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.4 Flux upper limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.5 Contribution to the diffuse astrophysical neutrino flux . . . . . . . . . . 120

9 Conclusions and Outlook 123

Appendix 127

A Prepulses 129

B Stacking analysis: ns bias for large catalogues 135

C IceCube Muon Benchmark Datasets 139

D IceCube-Gen2 Simulations 141

Abbreviations 143

Glossary 145

Bibliography 147



Figures

1.1 Composite image of the spiral galaxy NGC 4258 . . . . . . . . . . . . . . . . 1

2.1 Cosmic ray spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Hillas diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Neutrino fluxes from natural and reactor sources . . . . . . . . . . . . . . . . 15

3.1 The IceCube Neutrino Observatory . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 The IceCube Optical Digital Module . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 IceCube top view and string deployment . . . . . . . . . . . . . . . . . . . . 21
3.4 Data acquisition scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5 Antarctic ice properties: scattering and absorption lengths . . . . . . . . . . 25
3.6 Neutrino interactions in the ice: Feynman diagrams . . . . . . . . . . . . . . 26
3.7 Neutrino cross section and interaction length . . . . . . . . . . . . . . . . . . 27
3.8 Cherenkov cone for a muon and a cascade . . . . . . . . . . . . . . . . . . . . 28
3.9 IceCube event signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.10 Illustration of energy losses of a muon . . . . . . . . . . . . . . . . . . . . . . 30
3.11 Feynman diagram of Bremsstrahlung by a muon . . . . . . . . . . . . . . . . 31
3.12 Feynman diagram of electron pair production by a muon . . . . . . . . . . . 31
3.13 Muon energy losses in ice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.15 Measurement of IceCube astrophysical neutrino flux . . . . . . . . . . . . . . 33
3.16 The IceCube-Gen2 Neutrino Observatory . . . . . . . . . . . . . . . . . . . . 34
3.17 IceCube–Gen2 top view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.1 Muon track and Cherenkov light front . . . . . . . . . . . . . . . . . . . . . . 38
4.2 Track reconstruction chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Median angular resolution of different track reconstructions . . . . . . . . . 43
4.4 Track reconstruction seeding chain . . . . . . . . . . . . . . . . . . . . . . . . 43
4.5 Median angular resolution of different track reconstructions . . . . . . . . . 44
4.6 Residual time probability distributions . . . . . . . . . . . . . . . . . . . . . . 47
4.7 SPE and MPE time residual probability used in SplineReco . . . . . . . . . . 49
4.8 Angular resolution of an IceCube-Gen2 ideal simulation . . . . . . . . . . . 50
4.9 PMT noise effect on the SplineMPE angular resolution of IceCube-Gen2 . . 51
4.10 Pre- and post-jitter effect on the angular resolution of IceCube-Gen2 . . . . 52
4.11 PMT current saturation effect on the angular resolution of IceCube-Gen2 . . 52
4.12 Effect of prepulses on the angular resolution of IceCube-Gen2 . . . . . . . . 53
4.13 SegmentedSplineReco reconstruction chain . . . . . . . . . . . . . . . . . . . 54
4.14 Schematic view of SegmentedSplineReco . . . . . . . . . . . . . . . . . . . . 55
4.15 Time residual probability including energy losses . . . . . . . . . . . . . . . 56
4.16 Equator parameterization for SegmentedSplineReco . . . . . . . . . . . . . . 57
4.17 Reconstruction of muon energy losses . . . . . . . . . . . . . . . . . . . . . . 58
4.18 SegmentedSplineReco seeded with true energy losses . . . . . . . . . . . . . 58



4.19 SegmentedSplineReco using the infinite muon PDF . . . . . . . . . . . . . . 59
4.20 Energy dependent post-jitter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.21 Comparison between energy dependent and fixed post-jitter values . . . . . 60
4.22 SegmentedSplineReco angular resolution for IceCube . . . . . . . . . . . . . 61
4.23 SegmentedSplineReco angular resolution for IceCube . . . . . . . . . . . . . 62
4.24 Paraboloid angular estimation of SegmentedSplineReco . . . . . . . . . . . . 63
4.25 Angular uncertainties of azimuth and zenith using MCMC simulation . . . 65
4.26 Pull distribution for different angular error estimators . . . . . . . . . . . . . 66

5.1 AGN structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2 Standard accretion disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.3 Standard accretion disk spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.4 Standard disk geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 RIAF accretion disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.6 ADAF accretion disk spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.7 Optical image of the Seyfert galaxy NGC 1068 (M77) . . . . . . . . . . . . . . 76
5.8 Colour composite image of Centaurus A . . . . . . . . . . . . . . . . . . . . . 77
5.9 Models for neutrino emission from standard accretion disk . . . . . . . . . . 79
5.10 Neutrino emission for different temperatures of standard disk . . . . . . . . 80
5.11 Neutrino bolometric luminosity and X-ray luminosity for the RIAF model . 81
5.12 Neutrino emission from RIAF of a LLAGN . . . . . . . . . . . . . . . . . . . 82

6.1 AGN SED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.2 Relationship between X-ray and UV-optical emission in AGN . . . . . . . . 84
6.3 NVSS catalogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4 2RXS catalogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.5 XMMSL2 catalogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.6 Positional error vs X-ray flux for the 2RXS and XMMSL2 sources . . . . . . 89
6.7 Offset distribution between NVSS sources and 2RXS and XMMSL2 sources 90
6.8 Positional error vs flux for the 3LAC sources . . . . . . . . . . . . . . . . . . 90
6.9 Contamination and efficiency for the radio-selected AGN sample . . . . . . 91
6.11 Radio flux vs X-ray flux of the radio-selected AGN sample . . . . . . . . . . 92
6.10 Sky map and weight distribution for the radio-selected AGN sample . . . . 92
6.12 Color-color diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.13 IR-selection of AGN: W1 cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.14 [W1 − W2] vs. [W2 − W3] of VERONCAT AGN . . . . . . . . . . . . . . . . . 94
6.15 IR-selection of AGN: [W1 − W2] vs. [W2 − W3] of 2RXS and XMMSL2 . . . 94
6.16 [W1 − W2] vs [W3 − W4] diagram for 2RXS and XMMSL2 sources . . . . . . 95
6.17 IR-selected AGN in color-color diagram . . . . . . . . . . . . . . . . . . . . . 95
6.18 Sky map and weight distribution for the IR-selected AGN sample . . . . . . 96
6.19 Seyfertness Probability Distribution Function (PDF) definition . . . . . . . . 97
6.20 Seyfertness PDF ROC curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.21 Sky map and weight distribution for the LLAGN sample . . . . . . . . . . . 98
6.22 X-ray luminosity function for AGN and LLAGN . . . . . . . . . . . . . . . . 99



6.23 AGN count distributions from samples and luminosity functions . . . . . . 100

7.1 Background and signal energy PDFs for the IC86-2011 season . . . . . . . . 105
7.2 Example TS distribution for 9749 radio-selected AGN . . . . . . . . . . . . . 106
7.3 Background TS distribution for 9749 radio-selected AGN . . . . . . . . . . . 107
7.4 Declination distribution for all the IceCube seasons . . . . . . . . . . . . . . 108
7.5 Integrated X-ray flux as a function of the number of stacked sources . . . . 109
7.6 Comparison with the point source limits of the 8 years Northern tracks sample110
7.7 Neutrino energy flux for different energy ranges . . . . . . . . . . . . . . . . 111
7.8 Sensitivity and discovery potential for the three AGN samples . . . . . . . . 112
7.9 Sensitivity and discovery potential per source for the three AGN samples . 112
7.10 Sensitivity and discovery potential as fraction of the diffuse neutrino flux . 113

8.1 TS distribution and likelihood scan for the radio-selected AGN sample . . . 116
8.2 TS distribution and likelihood scan for the IR-selected AGN sample . . . . . 116
8.3 TS distribution and likelihood scan for the LLAGN sample . . . . . . . . . . 116
8.4 Overlap between the three AGN samples . . . . . . . . . . . . . . . . . . . . 117
8.5 Best-fit spectrum for the radio-selected and IR-selected AGN samples . . . . 119
8.6 Upper limits on the (νµ + νµ̄)-flux for an E−2.0 energy spectrum . . . . . . . . 121
8.7 Upper limits on the (νµ + νµ̄)-flux for an E−2.5 energy spectrum . . . . . . . . 121

A.1 Prepulses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
A.2 IceCube PMT waveforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
A.3 Prepulse effect on the SPE and MPE PDF . . . . . . . . . . . . . . . . . . . . 131
A.4 Prepulse reconstruction for IceCube-Gen2 as a function of energy . . . . . . 132
A.5 Prepulse reconstruction for IceCube-Gen2 as a function of azimuth . . . . . 132
B.2 ns bias for the 10 years PS sample without IC40 and with new PDF . . . . . 135

B.1 ns bias with 10 years PS sample vs 8 years NT sample . . . . . . . . . . . . . 135
B.3 Signal over background PDFs for IC40 with new binning . . . . . . . . . . . 136
B.4 ns bias for IC40 with new binning . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.5 Signal over background PDFs for 10 years PS vs 8 years NT sample . . . . . 137
B.6 Sensitivity and discovery potential per source for 10 years PS vs 8 years NT

datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

C.1 Muon Benchmark datasets: azimuth and zenith distributions . . . . . . . . . 139
D.1 IceCube-Gen2 simulation chain . . . . . . . . . . . . . . . . . . . . . . . . . . 141

D.2 Ideal Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142



Tables

3.1 IceCube strings deployment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

6.1 Fraction of 3LAC sources matched with 2RXS-NVSS and XMMSL2-NVSS
sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2 Completeness and properties of the three AGN samples . . . . . . . . . . . . 100

7.1 Northern Track sample overview . . . . . . . . . . . . . . . . . . . . . . . . . 108
7.2 AGN samples overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

8.1 P-values for the integrated search . . . . . . . . . . . . . . . . . . . . . . . . . 117
8.2 90% upper flux limits on the (νµ + ν̄µ)-flux for the three AGN samples . . . 120
8.3 Flux normalization factors of the IceCube (νµ + ν̄µ)-diffuse flux . . . . . . . . 121



Introduction 1

Figure 1.1: Composite image of the
spiral galaxy NGC 4258 (Messier
106) featuring X-rays from Chan-
dra (blue), radio waves from the
VLA (purple), optical data from
Hubble (yellow and blue), and
infrared with Spitzer (red). Fig-
ure taken from https://chandra.
harvard.edu/photo/2014/m106/.

Figure 1.1 shows the picture of NGC 4258, also known as
Messier 106, a spiral galaxy about 23 million light years away

from us. What strikes of this picture is the variety of colours.
Each of them represents a wavelength at which the galaxy was
observed. Therefore, only by looking at various bands of the
electromagnetic spectrum we can have a deeper understanding
of this object.

But there is more. What is hidden in this image is the central
part of the galaxy. M106 is powered by the presence of a central
supermassive black hole surrounded by an accretion disk of
in-falling material. Active Galactic Nuclei (AGNs) are the most
powerful emitters of radiation in the known Universe and are
considered promising potential acceleration sites of cosmic rays.
They potentially accelerate protons up to the observed maxi-
mum energies of ∼ 1020–1021 eV. In particular, accretion disks
contain high-intensity radiation fields where hadronic reactions
with subsequent neutrino production can occur. Therefore, be-
sides the electromagnetic observations (radio, infrared, optical,
UV, X-ray, gamma rays) we can look at objects like this galaxy
also through other cosmic messengers: cosmic rays, neutrinos
and gravitational waves.

Among these messengers, neutrinos have a special role be-
cause of their neutral and weakly interactive nature: they can
escape the inner parts of galaxies and travel through the inter-

https://chandra.harvard.edu/photo/2014/m106/
https://chandra.harvard.edu/photo/2014/m106/


2 1 Introduction

galactic space without being deflected by magnetic fields. When
detected at Earth, they point back to their sources, and conse-
quently to the sources of cosmic rays. But neutrino astronomy
is not easy: the low interaction cross section of neutrinos makes
them difficult to detect at Earth. Therefore, neutrino telescopes
must have an enormous target mass and need long exposure
times.

IceCube, currently the largest neutrino telescope, has dis-
covered a diffuse flux of high-energy astrophysical neutrinos
in 2013 [1][1] Aartsen et al., ‘Observation of

High-Energy Astrophysical Neutri-
nos in Three Years of IceCube Data’

and has recently found compelling evidence for a
flaring blazar being a source of high-energy neutrinos [2, 3]

[2] Aartsen et al., ‘Neutrino
emission from the direction of the
blazar TXS 0506+056 prior to the
IceCube-170922A alert’
[3] Aartsen et al., ‘Multimessenger
observations of a flaring blazar
coincident with high-energy
neutrino IceCube-170922A’

.
However, as gamma-ray blazars can only be responsible for a
small fraction of the observed neutrino flux [4]

[4] Aartsen et al., ‘The contribution
of Fermi-2LAC blazars to the
diffuse TeV-PeV neutrino flux’

, the sources
responsible for the emission of the majority of the detected
neutrinos are still unknown.

The main objective of this thesis is to improve the identifica-
tion of the IceCube astrophysical neutrinos’ sources. It aims at
answering the following questions:

1. Can we improve the pointing accuracy of neutrino astron-
omy?

2. Are the accretion disks of AGN possible cosmic ray accel-
eration site? Do they produce neutrinos?

3. How can AGN with neutrino emission from accretion
disk be selected?

This thesis is divided into two main parts: in the former, the
theory and instruments of neutrino astronomy are presented,
the latter focuses on the analysis performed to test for a correla-
tion between high-energy neutrinos and the cores of AGN. In
the following, the structure of this thesis is highlighted briefly,
explaining the main topic of each chapter and how they are
going to answer to the aforementioned questions.

Chapter 2 – gives an overview on multimessenger astronomy, a
novel field of astrophysics aimed at exploring the Uni-
verse by combining the information carried by different
cosmic messengers: cosmic rays, electromagnetic radia-
tion, neutrinos and gravitational waves. Possible cosmic
acceleration sites are presented showing how they can
produce the different cosmic messengers. In this context,
the importance of neutrino astronomy is stressed, as neu-
trinos can point back to their sources if detected at Earth.

Chapter 3 – focuses on neutrino astronomy with the IceCube
Neutrino observatory, with a description of the telescope
instrumentation. The interactions of neutrinos relevant
for their detection are discussed, followed by the typical
event properties as seen in IceCube and the observation
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of astrophysical neutrinos. Finally, a short overview on
IceCube-Gen2 as a planned future generation neutrino
observatory is given.

Chapter 4 – In this chapter the pointing accuracy of IceCube
as a neutrino telescope is highlighted. First, the current
reconstruction methods are reviewed, pointing to their
main shortcomings. It follows one of the main topic of
this thesis: the description of a new reconstruction algo-
rithm which parametrizes the muon stochastic energy
loss pattern, thus improving the current IceCube pointing
accuracy by ∼ 20%.

Chapter 5 – This chapter sets the theoretical stage for the anal-
ysis performed in this thesis. An overview on the physics
of AGN is given, followed by the description of the main
types of accretion disks. Finally, the two models that will
be tested in this thesis are presented: neutrino production
in geometrically thin, optically thick accretion disks of
radio galaxies and in the Radiative Inefficient Accretion
Flow (RIAF) of Low Luminosity AGN (LLAGN).

Chapter 6 – As part of this thesis, three new AGN samples
have been produced based on their radio emission, in-
frared color properties, and X-ray flux using the NVSS,
AllWISE, ROSAT and XMMSL2 catalogs. Their creation
and properties are described in this chapter, along with
the calculation of the completeness of each sample. This
value will be important to extend the results of the analy-
sis from the three AGN tested samples to the full AGN
population.

Chapter 7 – describes the analysis performed in this thesis to
test for a correlation between high-energy neutrinos and
the cores of the three sub-populations of AGN presented
in Chapter 6. The stacking analysis method is introduced
and its properties are discussed. Finally, the sensitivity of
the analysis and expected performance are shown for the
different samples.

Chapter 8 – The results of the analysis described in Chapter 7
using the three AGN samples created in Chapter 6 are
presented.

Finally, the conclusion of the thesis is given in Chapter 9.
Furthermore, supplementary information is given in the appen-
dices: the parameterization of prepulses in the reconstruction
in Appendix A, the study of an observed bias in the stacking
analysis method in Appendix B and the IceCube and IceCube-
Gen2 simulation datasets used for this thesis in Appendix C
and Appendix D, respectively.
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Astronomy is the oldest of the natural sciences. For almost
25 centuries astronomers have been exploring the Universe

and yet most of it is still unobserved. Until 2013, our knowledge
of the Universe was acquired using only the electromagnetic
spectrum and cosmic rays. We can look at the first moments
of the early Universe through radio wavelengths, get images
of stars and galaxies with optical telescopes, and study the
most energetic and violent processes via X-ray, gamma-ray
and cosmic-ray observations. However, in the last 10 years our
knowledge of the Universe has been enhanced by two funda-
mental discoveries: the measurement of high-energy neutrinos
of extraterrestrial origin in 1987 [5, 6]

[5] Hirata et al., ‘Observation of a
neutrino burst from the supernova
SN1987A’
[6] Bionta et al., ‘Observation of
a neutrino burst in coincidence
with supernova 1987A in the Large
Magellanic Cloud’

and 2013 [1] [1] Aartsen et al., ‘Observation of
High-Energy Astrophysical Neutri-
nos in Three Years of IceCube Data’

, and the first
detection of a gravitational wave in 2015 [7]

[7] Abbott et al., ‘Observation of
Gravitational Waves from a Binary
Black Hole Merger’

. These observations
have set the dawn of multimessenger astronomy, which explores
the Universe by combining the information carried by different
cosmic messengers: electromagnetic radiation, cosmic rays, neu-
trinos and gravitational waves. This chapter describes the most
relevant properties of each of these messengers and how they
can be combined to learn more about our Universe.

2.1 Cosmic Rays

Cosmic Compositionrays are energetic, charged elementary particles and
nuclei accelerated at astrophysical sources, filling the galactic
space and arriving on Earth (primary cosmic rays) or produced
in interactions of the primaries with interstellar gas or the
Earth’s atmosphere (secondary cosmic rays) [8] [8] Spurio, Probes of Multimessenger

Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

. Primary nucle-
ons are made mainly by free protons (74%) and about 70% of
the rest are helium nuclei [9]

[9] Tanabashi et al., ‘Review of
Particle Physics’

. They can be measured directly by
experiments in space or on balloons, while secondaries can be
detected in the atmosphere, at the Earth’s surface, and under-
ground.

The Energy spectrumspectrum of cosmic rays covers a wide range of energies,
from a few MeV up to 100 EeV per particle. Figure 2.1 shows
the all-particle differential energy spectrum as a function of
total particle energy for ground-based experiments for energies
above 10 GeV. It has been multiplied by E2.6 in order to display
the features of the steep spectrum that are otherwise difficult to
see. The overall shape can be approximated by different power-
law spectra dN/dE ∝ E−γ, indicating non-thermal acceleration
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Figure 2.1: Cosmic ray energy spec-
trum as a function of total energy
per nucleus. Reproduced from [9].
Auger data from [10]

[10] Verzi, ‘Measurement of the
energy spectrum of ultra-high
energy cosmic rays using the Pierre
Auger Observatory’

. Nucleon, Ice-
Top, TA Hybrid, Kascade-GRANDE
data from [11]

[11] Maurin et al., ‘Cosmic-ray
database update: ultra-high energy,
ultra-heavy, and anti-nuclei cosmic-
ray data (CRDB v4.0)’

a.

a https://lpsc.in2p3.fr/crdb/

processes. The spectral index γ changes at least three times in
the energy range between 106 and 109 GeV. These changes are
likely connected with the transition between different source
classes and with changes in the composition of the cosmic
rays.

Knee Up to ∼ 3 PeV, γ = 2.7 and the cosmic rays are believed to be
of Galactic origin, probably accelerated in supernova remnants.
Above this energy, there is the first steepening of the spectrum,
called the knee, where the spectrum softens to ∼ E−3.1, followed
by the second knee at around 100 PeV, above which the spectrum
softens even further to ∼ E−3.3 [12][12] Horandel, ‘Cosmic rays from

the knee to the second knee: 104 to
1018 eV’

. There are two possible
explanations for the origin of the knee feature. According to
the first one, the PeV energy scale is the energy range in which
cosmic ray diffusion in the Galactic disk magnetic field becomes
inefficient [13][13] Giacinti et al., ‘Explaining

the spectra of cosmic ray groups
above the knee by escape from the
Galaxy’

. Above this energy, the Larmor radius of the cos-
mic rays exceeds the Galactic disk thickness, and particles start
to leak from the galaxy. Alternative to this propagation origin
of the knee is the possibility that the PeV energy scale denotes
the maximum energy of the Galactic sources. In fact, 1 PeV is
about the maximum energy for protons which can be supplied
by supernova explosions. From the Hillas criterion (see Equa-
tion 2.1) [14][14] Hillas, ‘The Origin of Ultra-

High-Energy Cosmic Rays’
, it follows that above this energy a considerable

magnetic field enhancement would be needed in order for such
sources to act as effective PeVatron candidates. In either cases,
since both the containment radius and the maximum energy
depend on the charge, the position of the knee should depend
on the charge of the primary cosmic rays. Therefore, the knee
for iron would be expected at 100 PeV, explaining the second
knee.

AtAnkle ∼6 EeV the spectrum flattens again, creating the so-called
ankle region. This feature is often interpreted as a crossover

https://lpsc.in2p3.fr/crdb/
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from a steeper galactic component to a harder component of
extragalactic origin. Another possibility is that the ankle is due
to pγCMB → e+e− energy losses of extragalactic protons on
the 2.7 K Cosmic Microwave Background (CMB) [15] [15] Berezinsky et al., ‘On astro-

physical solution to ultrahigh
energy cosmic rays’

. At even
higher energies (around 50 EeV), there are indications for a
spectral cutoff of the cosmic ray flux due to photo-hadronic
interaction of cosmic-ray protons at ∼ 50 EeV with the CMB
(the so-called GZK suppression [16, 17]

[16] Greisen, ‘End to the Cosmic-
Ray Spectrum?’
[17] Zatsepin et al., ‘Upper limit of
the spectrum of cosmic rays’

).
The Acceleration mechanismextreme energies that are observed in cosmic rays are

reached by acceleration from lower energies. The cosmic ray
spectrum suggests that the main acceleration mechanism is the
diffusive shock acceleration [18]

[18] Bell, ‘The acceleration of
cosmic rays in shock fronts – II’

, based on the first order Fermi
mechanism [19]

[19] Fermi, ‘On the Origin of the
Cosmic Radiation’

. It naturally provides a power law spectrum
whose predicted index γ is within the range of the experimental
measurements. Diffusive acceleration takes place near shock
waves and relies on the repeated scattering of charged particles
on magnetic irregularities back and forth across the shock. In
the case of non-relativistic shock velocities, the energy gain at
each crossing is of the order of ∆E ∼ E . To reach energies above
1 EeV large acceleration regions and/or highly relativistic blast
waves are necessary. In the case of relativistic shock the energy
gain reaches Γ2

s · E , where Γs is the shock bulk Lorentz factor.
However, such gain appears to be limited to the first crossing
[20] [20] Achterberg et al., ‘Particle

acceleration by ultrarelativistic
shocks: theory and simulations’

. Depending on the exact geometry of the shock and on
its relativistic nature, the combination of the energy gain per
crossing and of the escape probability leads to a power law
index of exactly 2 for the case of non-relativistic shocks in an
ideal gas, and to indexes between 2.1 and 2.4 for relativistic
shocks [21]

[21] Letessier-Selvon et al., ‘Ultra-
high energy cosmic rays’.
AnisotropySince cosmic rays are charged particles, their propagation

is affected by extragalactic and Galactic magnetic fields. This
causes the accelerated particles to travel along chaotic trajec-
tories thereby losing all directional information before finally
reaching Earth. This deflection is particularly strong at lower
energies and renders the overall cosmic ray emission as almost
isotropic, destroying any information about the direction of its
origins. However, recent results from the Auger experiment [22]

[22] Aab et al., ‘The Pierre Auger
Cosmic Ray Observatory’

seem to indicate that the arrival direction distribution of cosmic
rays with energies above the GZK suppression is not isotropic.
The anisotropy signal appears to be consistent with a dipolar
modulation over ∼ 85% of the sky covered by Auger [23]

[23] Roulet, ‘Large-scale
anisotropies above 0.03 EeV
measured by the Pierre Auger
Observatory’

.
Although Acceleration sitesthe observation of a "hot spot" in the Northern

hemisphere [24]

[24] Kawata et al., ‘Updated Results
on the UHECR Hotspot Observed
by the Telescope Array Experiment’

and of an excess of events in the region near
the radio-loud active galaxy Centaurus A [25]

[25] Caccianiga, ‘Anisotropies of
the Highest Energy Cosmic-ray
Events Recorded by the Pierre
Auger Observatory in 15 years of
Operation’

, the acceleration
sites for cosmic rays have not been identified yet. The extreme
energies which are observed in the cosmic rays require spe-
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Figure 2.2: Hillas diagram correlat-
ing magnetic field and size of accel-
eration sites. Above the dark blue
line, protons can be confined to en-
ergies above Emax = 1021 eV. Above
the red line, iron nuclei can be
confined to energies above Emax =
1020 eV. The most powerful candi-
date sources are shown with the un-
certainties in their parameters. Re-
produced from [26]

[26] Batista et al., ‘Open Questions
in Cosmic-Ray Research at Ultra-
high Energies’

and [8]

[8] Spurio, Probes of Multimessenger
Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

.

cial environments for their production. There is a minimum
requirement for these accelerators, commonly referred as the
“Hillas condition" [14]

[14] Hillas, ‘The Origin of Ultra-
High-Energy Cosmic Rays’

. It states that a necessary condition to
accelerate particles to ultra-high energy is that of confinement:
particles can stay in the acceleration region as long as their
Larmor radius is smaller than the size of the accelerator. This
sets an upper limit on the maximum energy Emax which can be
reached in a source with size R and magnetic field strength B:

Emax ≃ βshZ
(︃

B
µG

)︃ (︃
R

kpc

)︃
[EeV] (2.1)

where βsh is the velocity of the shock front that causes the
acceleration in units of the speed of light and Z the charge
number of the cosmic ray particle. Figure 2.2 shows the Hillas
criterion for the most promising source candidates for cosmic
ray acceleration: sources falling below the diagonal lines do
not verify Equation 2.1 and thus are not capable of confining
a particle with energy Emax and charge Z . Among the possible
candidates are neutron stars and other similar compact objects,
large-scale shocks of the Intergalactic Medium (IGM) due to
merging galaxies or clusters of galaxies, the core and jets of
AGN [27–29]

[27] Dermer et al., ‘Acceleration of
Ultra-High-Energy Cosmic Rays in
the Colliding Shells of Blazars and
Gamma-Ray Bursts: constraints
from the Fermi Gamma-Ray Space
Telescope’
[28] Resconi et al., ‘Connecting
blazars with ultrahigh-energy
cosmic rays and astrophysical
neutrinos’
[29] Rodrigues et al., ‘Neutrinos
and Ultra-high-energy Cosmic-ray
Nuclei from Blazars’

, radio lobes (hot spots) of Fanaroff-Riley class II
(FR-II) radio galaxies1

1 FR-II radio galaxies are a specific
subtype of AGNs, see Section 5.3.2
for more details. and processes associated with Gamma
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Ray Bursts (GRBs) [30–32]

[30] Waxman, ‘Cosmological
Gamma-Ray Bursts and the High-
est Energy Cosmic Rays’
[31] Vietri, ‘On the acceleration of
ultrahigh-energy cosmic rays in
gamma-ray bursts’
[32] Milgrom et al., ‘Possible
association of ultrahigh-energy
cosmic ray events with strong
gamma-ray bursts’

.
AGN cores, UHECR from AGN cores and

LLAGN
the objects of study in this thesis, with size of

10−5 pc in the inner part closer to the Black Hole (BH) and
magnetic field of the order of 103 G could potentially reach a
maximum energy for protons of a few tens of EeV [21]

[21] Letessier-Selvon et al., ‘Ultra-
high energy cosmic rays’

. How-
ever, due to interactions with the high radiation field around
the central engine of the AGN and energy losses due to syn-
chrotron radiation, Compton processes, and adiabatic losses,
neither protons nor heavy nuclei are likely to escape from the
central regions of AGNs with energies much above 1016 eV [33]

[33] Bhattacharjee et al., ‘Origin
and propagation of extremely
high-energy cosmic rays’

.
To get around this problem, the acceleration site must be away
from the active center and in a region with a lower radiation
density, e.g. in the terminal shock sites of the jets, a requirement
possibly fulfilled by the hot spots of FR-II galaxies [21]. In addi-
tion, LLAGN have been discussed as possible sources of Ultra
High Energy Cosmic Rays (UHECR): they are less powerful
individually than jetted AGN, but more numerous [34]

[34] Duţan et al., ‘Ultra-high-energy
cosmic rays from low-luminosity
active galactic nuclei’

.
When high Interactions of Cosmic Raysenergy cosmic rays interact in the source where

they are accelerated or while travelling in the intergalactic space,
they produce secondary cosmic messengers, like gamma rays
and neutrinos. The production of these secondary particles
happen through two hadronic processes: the astrophysical beam
dump mechanism and the photoproduction [8] [8] Spurio, Probes of Multimessenger

Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

. The astrophysical
beam dump process takes place when cosmic rays (here only
protons for simplicity) interact with gas in the source or in the
interstellar clouds via:

p + p →

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π± + X

↪→ µ± + νµ(ν̄µ)

↪→ e± + νe(ν̄e) + ν̄µ(νµ)

π0 + X

↪→ γ + γ

(2.2)

where X indicates all hadronic secondaries heavier than pions.
The photoproduction mechanism produces secondary mesons
due to high-energy protons interacting with low-energy pho-
tons in the surroundings of sources. In these regions there is a
high density of radio, infrared, visible and ultraviolet photons
(ambient photons). They are usually produced by accelerated elec-
trons in presence of high magnetic fields. The photoproduction
interactions occurs predominantly through the production of a



12 2 Multimessenger astronomy and astrophysical neutrinos

∆+ resonant state:

p + γ → ∆+ →

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π+ + n

↪→ µ+ + νµ

↪→ e+ + νe + ν̄

π0 + p

↪→ γ + γ

(2.3)

Although the cross-section for the p-p interaction is two orders
of magnitude larger than the p-γ cross-section, the probability
that secondary mesons are produced by the reaction of Equa-
tion 2.3 is in many environments much higher than that of
being produced by Equation 2.2, because of the higher number
density of ambient photons with respect to that of environmen-
tal matter. In both interactions the neutrino flavour ratio is the
same and all the decay products are expected to follow the
initial proton spectrum E−γ with γ ≈ 2 − 2.5.

Cosmic rays undergo hadronic interactions also when they
reach the Earth and interact with the atmosphere’s molecules.
The produced charged meson decays lead to the production of
atmospheric muons and neutrinos which represent the main
background for astrophysical neutrino searches (more details
will be given in Chapter 3 and Chapter 7).

2.2 Photons

A key role for the understanding of underlying physics pro-
cesses in high-energy sources is played by the simultaneous
observation of the same object in different electromagnetic wave-
lengths, from radio to gamma rays.

Radio astronomy At the shortest frequencies of the electromagnetic spectrum
(ν ∼ 0.1 − 10 GHz, λ ≃ 21 cm), the radio emission is often
the results of interaction between a particle outflow and the
surrounding gas. At these frequencies, it is possible to identify
classes of objects characterized by non-thermal emission, i.e.,
their spectrum does not follow that of a blackbody with a
given temperature. Instead, it is generally of "power law” type:
dN/dE ∝ E−γ, where γ is the power-law slope or spectral index
[35][35] Rodríguez, ‘Radio Astronomy:

The Achievements and the Chal-
lenges’

. The non-thermal sources observed by radio telescopes
include sources in the Milky Way galaxy, such as pulsars, pulsar
wind nebulae and supernova remnants. Among extragalactic
sources, the dominant class is radio galaxies which are radio-
loud AGN, powered by the activity of a Super-Massive Black
Hole (SMBH) in the center of each galaxy [36][36] Neronov, ‘Introduction to

multi-messenger astronomy’
. This class of

sources is the object of this thesis and more details on how
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they can be detected using radio observations are given in
Section 6.1.2.

At IR and Optical-UV astronomyhigher frequencies, photons are predominantly produced
by objects heated up to the temperature at which the typical en-
ergy of black body photons (Ebb = 3kBT ≃ 3[T/104 K] eV) falls
into the respective band. Most of the IR/visible/UV light we
detect is thermal emission, i.e. the one produced by stars, the in-
terior of core collapse supernova or the merger of neutron stars
[36] [36] Neronov, ‘Introduction to

multi-messenger astronomy’
. IR emission is produced mainly by interstellar dust, i.e., ice

grains composed of carbon and silicate matter that absorb and
reflect the ambient ultraviolet and optical light produced by
nearby hot stars, observed as large clouds obscuring the view
of the stars behind them [37] [37] Draine, ‘Interstellar Dust

Grains’
. Importantly for this thesis, ther-

mal emission is also radiated by the accretion disks around the
SMBHs of AGN, largely in the near-infrared/optical/ultraviolet
waveband [38]

[38] Schneider, Extragalactic Astron-
omy and Cosmology.

At X-ray astronomywavelengths of the order of the size of atoms (λ = E−1
γ ≃

10−7[Eγ/1 keV] cm) we find X-ray photons [36]. Their energy
is about 3 orders of magnitude higher than that of the visible
light photons, and their flux is by three orders of magnitude
lower. The Universe observed by X-ray telescopes include both
thermal and non-thermal sources. The thermal sources visible
in the X-ray band have temperature about T ∼ 107 K, so that
the characteristic energy of the blackbody radiation is in the
keV range. Such temperatures are encountered, e.g., in stellar
coronae, neutron stars, supernova remnants and galaxy clusters.
The non-thermal sources visible in the X-ray band include the
same source classes as observed by radio telescopes, e.g., AGNs,
pulsars, supernovae. Another important source of X-ray is ac-
creting black holes: as accretion disks are heated to extremely
high temperatures by friction, some of their thermal radiation
will be in the form of X-rays [39]

[39] Jovanović et al., X-ray Emission
From Accretion Disks of AGN:
Signatures of Supermassive Black
Holes. X-ray emission is produced

by Comptonization2 2 Upscattering of low-energy pho-
tons by inverse Compton collisions
in a hot electron gas.

of the optical/UV photons of the disk by
a corona of hot electrons located above the central SMBH [40]

[40] Haardt et al., ‘X-Ray Spectra
from Two-Phase Accretion Disks’

.
For this reason, the X-ray wavelength is going to be the starting
point for the selection of AGN sources manifesting accreting
activity, relevant for this thesis (see Section 6.1.1).

Gamma ray astronomyThe energy range from few hundred keV to ∼ 100 TeV is
covered by gamma ray astronomy. The Earth’s atmosphere is
not transparent to high-energy photons, therefore gamma rays
must be detected either outside the atmosphere or exploiting
the production of a cascade of secondary particles, following
interactions in the atmosphere. In the first case, gamma ray
astronomy uses space-based telescopes, like Fermi-LAT [41] [41] Atwood et al., ‘The Large Area

Telescope on The Fermi Gamma-Ray
Space Telescope Mission’

,
which can detect photons up to ∼ 300 GeV. In the second case,
gamma rays are detected on the ground through the Cherenkov
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radiation that they produce when they collide with matter at the
top of the atmosphere. This is done by Imaging Atmospheric
Cherenkov Telescopes (IACTs), like H.E.S.S. [42]

[42] Hinton, ‘The status of the
HESS project’ , VERITAS [43]
[43] Weekes et al., ‘VERITAS: the
Very Energetic Radiation Imaging
Telescope Array System’

and Magic [44]

[44] Baixeras et al., ‘Commissioning
and first tests of the MAGIC
telescope’

, and by Extensive Air Showers (EAS) arrays,
like HAWC [45]

[45] Mostafá, ‘The High-Altitude
Water Cherenkov Observatory’

.
At these energies photon production scenarios are usually

classified as hadronic and leptonic models [8]

[8] Spurio, Probes of Multimessenger
Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

. In the hadronic
model, photons are produced in the decay of π0 when hadrons
interact with matter or ambient photons, according to Equa-
tion 2.2 and Equation 2.3. They are thus emitted from sources
which host proton/nuclei accelerators. High-energy particles
ejected by comic particle accelerators typically do not form ther-
mal distributions and thus the high-energy gamma-ray sources
are all non-thermal. Among those sources the same type of
non-thermal objects identified in the radio waveband can be
found. In particular, gamma rays are emitted by the jets of
AGN. Among the leptonic models, the most popular one is the
Synchrotron Self-Compton (SSC) mechanism. According to this
model, low energy photons (from radio to X-rays) are produced
by synchrotron radiation from relativistic electrons accelerated
in a magnetic field. Such photons, in turn, represent the target
for inverse Compton scattering of their parent electron popu-
lation. This process in which low energy photons gain energy
through collisions with high-energy electrons is the Inverse
Compton (IC) scattering. The resulting energy spectrum is thus
characterized by two peaks: the first one is produced by syn-
chrotron emission of ultra-relativistic electrons, the second one
from the IC scattering of the same electrons with the produced
radiation field [8].

The detection of gamma rays is very important for the identi-
fication of the cosmic ray accelerators. Unlike charged cosmic
rays, once gamma rays emerge from the production regions,
they are largely unaffected in the propagation. However, the
Universe is not completely transparent to photons of TeV en-
ergy and above, since they can interact with CMB photons
converting into an electron/positron pair during their journey
to Earth [8]. At these energies, the Universe is transparent only
to neutrinos.

2.3 Neutrinos

Neutrinos are neutral particles that interact only via weak in-
teractions with matter. They travel nearly un-scattered over
intergalactic distances, propagate on straight trajectories and
point back to their origin. Hence, when eventually detected
at Earth, they bring important information about the sources
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where they were generated. Figure 2.3 shows a compilation of
the spectra of dominant natural and artificial neutrino fluxes.
So far, three typologies of extraterrestrial neutrinos have been
detected: solar neutrinos, supernova neutrinos and neutrinos
produced in cosmic accelerators.

Solar neutrinosIn the keV-MeV energy range, neutrinos are predominantly
created in the nuclear reactions of the Sun. Measured for the first
time in the late 1960’s [46] [46] Cleveland et al., ‘Measurement

of the Solar Electron Neutrino
Flux with the Homestake Chlorine
Detector’

, solar neutrinos are electron neutrinos
νe, since the matter is proton-rich and they are created mainly
according to the proton-proton chain: p + p → d + e+ + νe.

Supernova neutrinosAt MeV energies, neutrinos are also emitted during the gravi-
tational collapse and explosion of a supernova, such as SN1987
which happened in 1987 in the Large Magellanic Cloud [5, 6] [5] Hirata et al., ‘Observation of a

neutrino burst from the supernova
SN1987A’
[6] Bionta et al., ‘Observation of
a neutrino burst in coincidence
with supernova 1987A in the Large
Magellanic Cloud’

. A
burst of neutrinos was measured by several underground neu-
trino detectors. Neutrinos reached the Earth few hours before
the optical light, since they could escape the explosion region
unhindered. In supernovae, all types of neutrinos and antineu-
trinos are produced, due to all types of reactions, including the
pair radiation N + N → N + N + νℓ + ν̄ℓ , with ℓ = e, µ, τ.

In Neutrinos from cosmic accelera-
tors

2013, the IceCube neutrino telescope has measured for
the first time a flux of high-energy astrophysical neutrinos [1]
and has recently found compelling evidence for a flaring blazar
being a source of high-energy neutrinos [2, 3] [2] Aartsen et al., ‘Neutrino

emission from the direction of the
blazar TXS 0506+056 prior to the
IceCube-170922A alert’
[3] Aartsen et al., ‘Multimessenger
observations of a flaring blazar
coincident with high-energy
neutrino IceCube-170922A’

. The origin of
the majority of the IceCube diffuse flux is still unknown, but
it is compatible with an extragalactic component since it is
isotropic. A possible contribution of AGN to this diffuse flux is
investigated in this thesis (see Chapter 7).

Figure 2.3: Measured and predicted
neutrino fluxes from natural and re-
actor sources. Adapted from [47]

[47] Spiering, ‘Towards High-
Energy Neutrino Astronomy. A
Historical Review’

.

In the energy range of the IceCube diffuse signal, astrophysi-
cal neutrinos are produced in the hadronic interactions of cos-
mic rays, via the decay of charged pions in the beam dump of
energetic protons in dense matter (see Equation 2.2), or through
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photoproduction cosmic-ray protons interacting on ambient
photons (see Equation 2.3). In beam-dump processes almost the
same number of π+, π− and π0 are produced. The π0 decays
immediately in two gamma rays, while neutrinos are produced
from the decay of the charged pions. Thus, in the final state
there are three neutrinos for each pion, and six neutrinos every
two gamma rays. In photoproduction processes, the neutrino
energy from the π+ decay is related with the parent proton
energy, being Eν ≃ 0.05Ep. Moreover, considering the branching
ratios for the π0 and π+ reactions in Equation 2.3, and the num-
ber of neutrinos and photons in the final state, it follows that
the ratio of neutrino to photon luminosity in photoproduction
is 1/3 [8]

[8] Spurio, Probes of Multimessenger
Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

. Although this relation between astrophysical neutri-
nos and gamma ray, there is the possibility that the sources of
astrophysical neutrinos are obscured, that is opaque to gamma
rays [48, 49]

[48] Vereecken et al., ‘Obscured
pp-channel neutrino sources’
[49] Murase et al., ‘Hidden Cosmic-
Ray Accelerators as an Origin of
TeV-PeV Cosmic Neutrinos’

. If a source is occulted by the presence of thick
clouds or material along the line of sight to the Earth, gamma
rays are absorbed while neutrinos survive.

InNeutrino oscillations pion decays, only muon and electron neutrinos are pro-
duced, resulting in a flavour composition of (νe, νµ, ντ) = (1 : 2 :
0) at source. However, there are three more mechanisms which
can produce neutrinos:

Neutron decay: After a lifetime of a few minutes, neutrons
produced in Equation 2.2 and 2.3 decay to protons, elec-
trons and neutrinos, resulting in a flavor composition of
(1 : 0 : 0);

Muon-damping: In processes involving pions, there is the pos-
sibility that muons lose a significant amount of energy
before decaying. Thus, high energy neutrinos are only
produced in the pion decays, resulting in a flavor ratio of
(0 : 1 : 0);

Charm production: At very high energies, sources with dom-
inant pp-interaction may produce heavier mesons than
pions or kaons. The decay of charmed D and ΛC mesons
leads to the production of equal numbers of electron and
muon neutrinos. Rare decays of Ds, D0,± can also pro-
duce ντ , however, the ντ component always stays at least
an order of magnitude below the νe and νµ components
[50][50] Riehn, F. et al., ‘Charm

production in SIBYLL’
. The charm-production scenario [51]

[51] Kachelrieß et al., ‘High-energy
neutrino yields from astrophysical
sources: Weakly magnetized
sources’

leads to a source
flavor composition of (1 : 1 :≤ 0.1).

On their propagation to Earth, neutrinos oscillate from one
flavor to another. Therefore, the flavor ratio we measure at Earth
is usually not the same as the ratio at source. The neutrino
oscillation probability is a function of the PMNS-matrix and
of the propagation length [9]

[9] Tanabashi et al., ‘Review of
Particle Physics’ . However, since astrophysical
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neutrinos travel over cosmological distances, they suffer from
decoherence, meaning that the distance they travel exceeds the
typical oscillation length. The flux of neutrinos with flavor β
detected at Earth is thus given by:

Φνβ ∝
∑︂

α=e,µ,τ
Pαβ ·Φνα (2.4)

where Φνα is the flux of flavor α at the source and Pαβ =∑︁3
i=1 |Uαi |

2 |Uβi |
2 is a function of the PMNS-mixing matrix U.

Hence, any expected astrophysical neutrino flavor composition
at Earth is fully determined by the emitted flavour composition
at the source and by the parameters of the PMNS-mixing matrix
U, i.e. the mixing angles θ12, θ23 and θ13 and the CP-violating
phase δCP [52] [52] Esteban et al., ‘Global analysis

of three-flavour neutrino oscilla-
tions: synergies and tensions in the
determination of θ23, δCP, and the
mass ordering’

. The resulting flavor compositions on Earth for
the neutrino production scenarios listed above are thus:

Pion decay: (1 : 2 : 0) → (0.30 : 0.36 : 0.34);
Neutron decay: (1 : 0 : 0) → (0.55 : 0.17 : 0.28);
Muon-damping: (0 : 1 : 0) → (0.17 : 0.45 : 0.37);
Charm production: (1 : 1 : 0) → (0.36 : 0.31 : 0.33).

The current best-fit value for the flavor ratio measured by
IceCube is (0.20 : 0.39 : 0.42) [53] [53] Abbasi et al., ‘Measurement

of Astrophysical Tau Neutrinos in
IceCube’s High-Energy Starting
Events’

, which is consistent with
the expectation of (1 : 1 : 1) from the pion decay production
mechanism within the 68% confidence interval.

2.4 Gravitational Waves

The newest messengers carrying information from astrophysical
sources are gravitational waves. Gravitational wave astronomy
is the youngest field of multi-messenger astronomy, born only
in 2015 with the measurement of the first gravitational wave
from the merger of two black holes [7] [7] Abbott et al., ‘Observation of

Gravitational Waves from a Binary
Black Hole Merger’

. While black hole binaries
in empty space do not produce any other forms of radiation, the
mergers which involve neutron stars do posses electromagnetic
counterparts, as demonstrated by the detection of the neutron
star merger event in gravitational and electromagnetic waves
in 2017 [54] [54] Abbott et al., ‘Multi-messenger

Observations of a Binary Neutron
Star Merger’

. Gravitational waves are created by changes in the
curvature of space-time around compact objects and propagate
at the speed of light. Since gravity is a very weak force, only very
massive, rapidly accelerating objects can produce measurable
gravitational waves. They reveal the formation and evolution
of compact objects, as opposed to other messengers, which
carry information about accretion, particle acceleration and
interactions.
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Because of their small cross-section and weakly interacting
nature, a large target volume is necessary to detect neutrinos.

This is especially true in the case of naturally occurring neu-
trinos where the flux is low compared to neutrinos produced
in accelerator beams or from nuclear reactors. The primary
goal of a neutrino telescope is to detect astrophysical neutrinos
associated with the sources of high-energy cosmic rays.

The expected neutrino flux can be estimated using the Wax-
man–Bahcall upper bound [55] [55] Waxman et al., ‘High-energy

neutrinos from astrophysical
sources: An Upper bound’

, under the hypothesis that cosmic
rays and neutrinos are produced in the same sources from
hadronic processes. If these sources are optically thin for the
p + γ → π + N + X reactions in which neutrinos (from π± de-
cay) and photons (from π0 decay) are produced, then the en-
ergy flux of neutrinos can not be grater that that of the cos-
mic rays. The upper limit on the neutrino intensity is then
E2
νΦν < 2 × 10−8 GeV cm−2 s−1 sr−1, corresponding to a rate

of ∼ 10 neutrino interactions per year in a km3 of water for a
neutrino energy of ∼ 1 TeV. Therefore, a kilometer-scale detec-
tor is required for a neutrino telescope capable of observing
astrophysical neutrinos.

The first attempt to build such a detector was the Deep Un-
derwater Muon and Neutrino Detector (DUMAND) project,
proposed in the 1970s to be build in the sea off the main island
of Hawaii. Unfortunately, it was cancelled by the US Depart-
ment of Energy in 1995, due to technical difficulties, but paved
the way for other neutrino telescopes: ANTARES (operating)
[56]

[56] Ageron et al., ‘ANTARES: the
first undersea neutrino telescope’

and KM3NeT (under construction) [57]

[57] Adrian-Martinez et al., ‘Letter
of intent for KM3NeT 2.0’

in the Mediter-
ranean sea, NT200 [58]

[58] Aynutdinov et al., ‘Baikal
neutrino telescope’

and Baikal-GVD (under construction)
[59]

[59] Avrorin et al., ‘Baikal-GVD:
status and prospects’

in the Lake Baikal in Russia. The idea of using ice as the
target instead of water was suggested by Halzen and others in
1988 [60]

[60] Halzen et al., ‘High-energy
neutrino detection in deep polar
ice’

. This idea resulted first in the AMANDA detector [61] [61] Andrés et al., ‘Observation
of high-energy neutrinos using
Čerenkov detectors embedded
deep in Antarctic ice’

,
and then in IceCube, the first kilometer-scale detector.

3.1 The IceCube neutrino observatory

IceCube is the first gigaton-scale neutrino telescope [62] [62] Aartsen et al., ‘The IceCube
Neutrino Observatory: Instrumen-
tation and Online Systems’

(see
Figure 3.1), operating at the South Pole since January 2005.
IceCube instruments 1 km3 of Antarctic ice with 5,160 Digital
Optical Modules (DOMs), the fundamental optical sensors that
detect the Cherenkov light emitted from charged secondary
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Figure 3.1: Schematic view of the
IceCube Neutrino Observatory with
its main components and scales
[62].

particles created in neutrino interactions.
Each DOMDigital Optical Module (DOM) consists of a glass pressure sphere, housing a

10 inch-diameter PhotoMultiplier Tube (PMT) (Hamamatsu
R7081-02) [63][63] Abbasi et al., ‘Calibration and

characterization of the IceCube
photomultiplier tube’

, an electronic board that digitizes the signals
locally and a flasher board with UV/optical LEDs for calibration
(see Figure 3.2). The glass sphere and the PMT are connected
through an optical gel layer that reduces photon loss between
the different surfaces, allowing an optimal photon transmission.
The PMT is also surrounded by a µ-metal grid to improve the
electron collection performance by shielding from the Earth
magnetic field44 The ambient South Pole magnetic

field is 550 mG, 17◦ from vertical
[62].

. The PMT faces downward in the DOM to be
optimal for signals arriving from below the detector through
the Earth. From this direction, IceCube expects to have optimal
signal/background separation. The photon detection efficiency
of the PMT peaks at 25% for the standard DOMs and 35% for
the high-quantum-efficiency DOMs deployed in the DeepCore
subarray, at wavelengths around 390 nm [63].

Strings and season deployments The DOMs are deployed in a hexagonal layout and connected
by 86 cables (see Figure 3.3). The combination of DOMs and ca-
bles in each hole creates the so-called string. The cables provide
power and communication from the central data acquisition
system. Each string connects 60 DOMs, at 17 m intervals be-
tween 1,450 m and 2,450 m below the ice surface. The strings
were deployed over a period of 7 successive austral summers,
reaching the final configuration in 2011. Data taking started
in 2005 with only one operational string. Each year a certain
amount of strings were added to the array, forming the partial
configurations shown in Figure 3.3. Table 3.1 lists the number
of strings deployed at each season and the labels of the corre-
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Figure 3.2: The IceCube Digital Op-
tical Module. Sketch of the compo-
nents inside the glass pressure hous-
ing [62].

Table 3.1: IceCube deployment by
season (cumulative) and dataset
names.

Season Strings Name

2004-2005 1 IC1
2005-2006 9 IC9
2006-2007 22 IC22
2007-2008 40 IC40
2008-2009 59 IC59
2009-2010 79 IC79
2010-2011 86 IC86

sponding datasets. The strings were deployed by drilling holes
of 2.5 km depth and 60 cm diameter with a hot water system.
Optical modules were staged in a tower structure and deployed
right after the drilling was complete.

Figure 3.3: Top view of the IceCube
strings. The labels (ICXX) indicate
strings that were added to the array
in one season to form a new config-
uration with XX strings in total.

DeepCore and IceTopIn the inner part of IceCube, there is sub-array of 8 strings
more closely spaced, called DeepCore [64]

[64] Abbasi et al., ‘The design and
performance of IceCube DeepCore’

. The denser geometry
and the use of DOMs with higher quantum efficiency allow to
reduce the energy threshold to 10 GeV, accessing the energy
scale of atmospheric neutrino oscillations or neutrinos produced
by low-mass, weakly-interacting massive particles (for example,
in the Sun [65] [65] Wasseige, ‘First search for GeV

neutrinos from bright gamma-ray
solar flares using the IceCube
Neutrino Observatory’

). At the surface of the ice, there are 82 ice-filled
tanks with 2 DOMs each, forming the IceTop cosmic-ray detector,
used to study cosmic-ray air showers but also as a veto detector
for the main IceCube array [66] [66] Abbasi et al., ‘IceTop: The

surface component of IceCube’
. In this work, neither DeepCore

nor IceTop data are analyzed.
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Figure 3.4: Block diagram of the data acquisition process in IceCube, from the signal creation in a PMT up to the signal
transmission to the IceCube laboratory on the surface at the South Pole. Adapted from [67].

3.1.1 Data acquisition and data processing

The IceCube detector takes data continuously, with a field of
view of 4π sr (full-sky coverage) and detects neutrino interac-
tions with an uptime greater than 99% (on average) [67]

[67] Abbasi et al., ‘The IceCube data
acquisition system: Signal capture,
digitization, and timestamping’ . Figure

3.4 illustrates the flow of the data acquisition and processing
processes in IceCube.

PMT signal creation The first step of data acquisition happens in the PMT of
each DOM. Here, the photons produced by charged secondary
particles created in neutrino interactions are converted into elec-
trons by photoelectric effect at the photocathode. Each so-called
photoelectron is accelerated through a series of 10 dynodes,
releasing secondary electrons upon impact. The final electron
avalanche reaching the PMT’s anode produces a measurable
current that can be integrated to obtain the charge. For each
single photon, a broad charge distribution is obtained, made
of a Gaussian component and a steeply rising exponential at
small charges.

The brightness of an event is classified in terms of the total
charge collected at the PMT anode in units of photoelectrons
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(PEs). IceCube defines a PE as the most likely deposited charge
from a single photon, at a voltage of ∼ 1.6 pC at the typical
IceCube PMT gain of 107.

PMT signal digitizationThe second step is the digitization of the PMT current sig-
nal by the DOM mainboard that produces a voltage over time
measurement called waveform. The digitization is done using
two Analog Transient Waveform Digitizer (ATWD), that operate
in turns to remove any possible dead time. The ATWDs have
three channels that amplify the waveform by 0.25, 2 and 16 in
order to cover the full PMT dynamic range [67]. Each ATWD
has a sampling period of 3.3 ns and can store up to 422.4 ns of
a signal waveform. A longer digitization is performed simul-
taneously by a Fast Analog to Digital Converter (fADC), that
covers waveform up to 6400 ns with a lower resolution of 25 ns.
The combined ATWD+fADC digitized waveform is referred to
as a DOMLaunch.

The Hit creation and local triggersdigitization only happens if a waveform with charge
grater that 0.25 PE is produced; this is referred to as a hit. If a
neighboring or next-to-neighboring DOM on the same string
also produces a hit within 1 µs (Hard Local Coincidence (HLC)),
the full DOMLaunch is transmitted to the surface, otherwise
only timestamp and minimal amplitude/charge information are
transmitted (Soft Local Coincidence (SLC)). The HLC condition
helps reducing the false rate trigger caused by the PMT dark
noise, since this noise is independent from other DOMs.

Once Single Multiplicity Triggerthe HLC hits are received at the surface, they are further
processed by the trigger algorithms of the Data Acquisition
System (DAQ) system. These triggers look mainly for temporal
coincidences between the HLC hits. The relevant trigger for this
thesis is the so-called Single Multiplicity Trigger (SMT-8), that
requires 8 or more HLC hits recorded within 5 µs. If the SMT-8
condition is met, all launches (HLC and SLC) are combined into
one event, for a total rate of ∼ 2.1 kHz of events.

All Online filtertriggered events are then collected and filtered by the
DAQ system, in order to reduced the data volume to a level
that can be transmitted via the available satellite bandwidth
to the Northern hemisphere (about 100 Gb per day). First, the
waveforms for each event are calibrated and deconvolved using
the inferred DOM response to a Single Photoelectron (SPE) [68] [68] Aartsen et al., ‘Energy recon-

struction methods in the IceCube
neutrino telescope’

.
In this way the charge and the photon arrival time information
are extracted, resulting in a pulse, that is the basis for event
reconstruction. Then, basic and fast reconstructions (see Sec-
tion 4.1 for their description) are performed in real-time at the
Pole. Based on the reconstructed properties and on the topology
of the event (whether it is a track or a cascade, see Section 3.3),
a filter (muon filter for muon track data) is finally applied to
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reduce the rate from around 2.8 kHz to ∼ 34 Hz and the wave-
form information is transferred to the Northern Hemisphere via
satellite. Subsequently, more sophisticated reconstructions and
events selections are applied to allow better quality, resulting
in a final event stream of mainly astrophysical neutrinos with
∼ 2 mHz rate.

3.1.2 The Antarctic Ice

The Antarctic ice can be considered part of the IceCube detector,
since it represents the detection target and the light propa-
gation medium. It is a glacial, exceptionally pure and clear
ice, especially below about 1300 m where the high pressure
compresses the air bubbles. However, ice core data [69]

[69] Bay et al., ‘South Pole pale-
owind from automated synthesis of
ice core records’

and
IceCube measurements using dust loggers5

5 A dust logger is a 404 nm laser
source, emitting light in an horizon-
tal fan. A small fraction of the pho-
tons are backscattered on nearby im-
purities and thus reach the PMT lo-
cated at the bottom of the logger. In
this way scattering on ice impurities
can be studied.

[70]

[70] Aartsen et al., ‘South Pole
glacial climate reconstruction from
multi-borehole laser particulate
stratigraphy’

and LEDs [71]
have revealed the presence of dust trapped in the ice, which
represents the dominant source of scattering. Based on these
measurements more and more complex and sophisticated ice
models66 They are generally referred to as

South Pole ICE (SPICE) models.
have been developed: they parameterize the scattering

and the absorption of light in the ice, which are then used in
the simulation and reconstruction of IceCube data.

TheScattering and absorption lengths scattering length is the average distance after which a
photon scatters during propagation. Each scatter leads to a
change in the propagation direction of the photon, washing out
the directional information of the incoming neutrino. Therefore,
only an effective scattering length λs,eff = λs/(1 − ⟨cos θ⟩) can be
measured, where ⟨cos θ⟩ is the average deflection angle between
two consecutive scatter points. The absorption length λa is the
distance after which the photon’s survival probability drops to
1/e, and therefore describes how far light from an event can
travel. Figure 3.5 shows the absorption and effective scattering
lengths as a function of the depth, for the SPICE MIE [71]

[71] Aartsen et al., ‘Measurement
of South Pole ice transparency
with the IceCube LED calibration
system’ and

SPICE LEA [72][72] Chirkin, ‘"Evidence of optical
anisotropy of the South Pole ice"’

models. They are averaged over 10 m thick
layers of ice and given for a wavelength of 400 nm.

TheIce tilt SPICE MIE ice model is based on the Mie scattering
theory. It also accounts for the tilt of the ice sheet, probably
generated by an uneven surface of the rock at the bottom of the
glacier on which the ice layers accumulated over time.

TheIce anisotropy SPICE LEA model parametrizes also the ice anisotropy.
The propagation of photons through the South Pole ice is not
isotropic, but has a preferred direction [72]. The main anisotropy
axis is aligned with the glacial flow in the x-y–plane, at an
azimuth angle of 130◦, and is described by 10% less scatter-
ing. Perpendicular to the main anisotropy axis, scattering is
enhanced by 5% along an azimuth of 40◦ and in the zenith
direction along the positive z–axis. The cause of the anisotropic
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Figure 3.5: Absorption (λa) and ef-
fective scattering (λs,eff) lengths at
400 ns for two Antarctic ice models
based on measurements with Ice-
Cube’s calibration LEDs. The gray
horizontal band shows the depth of
the dust layer. Adapted from [71]
and [72].

light propagation is still unknown, but there are studies show-
ing that it might be caused by the micro-structure of the ice as a
birefiringent polycrystal on the light diffusion [73] [73] Chirkin et al., ‘Light diffusion

in birefringent polycrystals and the
IceCube ice anisotropy’

. Both SPICE
LEA and SPICE MIE models show that the absorption length
is generally large, allowing photons to travel for hundreds of
meters before being absorbed. The major effect is the scattering
caused by the dust. The scattering length is a factor of about
2-2.5 smaller than the absorption length. Hence, photons scatter
multiple times before reaching the DOM, reducing the angular
information of the photons arriving at the DOMs.

As shown in Figure 3.5, between ∼ 2000 and ∼ 2100 m depth
there is a layer of dust called dust layer that has the effect
of increasing the scattering and absorption of light passing
through. Another feature of the IceCube ice is the presence of a
bubble column in the refrozen ice around the strings, created
by the presence of air bubbles when a hole freezes after a string
deployment. Ice optical properties are still object of investigation
and more sophisticated ice models are now available in the
IceCube collaboration [73]. However, within this thesis only the
SPLICE LEA and SPLICE Mie models are used.

3.2 Neutrino detection

IceCube can detect neutrinos with energies between tens of GeV
and several PeV when they interact with nuclei or electrons in
the ice inside or around the instrumented volume. Such inter-
actions produce secondary particles, which, provided they are
charged and relativistic, emit Cherenkov radiation. By analyz-
ing this Cherenkov light, the initial properties of the neutrinos
can be inferred.

3.2.1 Neutrino Interactions in the Ice

Deep Inelastic Scattering (DIS)The IceCube detector is sensitive to neutrinos with energy above
100 GeV. At these energies, neutrinos interact with the molecules
of the Antarctic ice mainly via Deep Inelastic Scattering (DIS)
[74] [74] Formaggio et al., ‘From eV

to EeV: Neutrino Cross Sections
Across Energy Scales’

. Neutrinos scatter off a quark in a nucleon N via the ex-
change of a W± or Z0 boson, in charged and neutral current in-
teractions respectively. In the final state, a lepton and a hadronic
shower X are produced. The corresponding interactions are
shown by the Feymann diagrams in Figure 3.6. In the Neutral
Current (NC) interaction, only momentum is transferred to the
scattering target and thus the outgoing lepton stays a neutrino,
while in the Charged Current (CC) interaction a charged lepton
is produced with the same flavor (e, µ or τ) of the incoming
neutrino.
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Figure 3.6: Feynman diagrams of
the two main channels through
which neutrinos interact in the ice.

(a) Charged Current interaction (b) Neutral Current interaction

NeutrinosGlashow resonance can also scatter off the electrons bound in the atoms
of the ice. However, because of the electron’s small mass, these
interactions are generally negligible with respect to neutrino-
nucleon interactions [74]

[74] Formaggio et al., ‘From eV
to EeV: Neutrino Cross Sections
Across Energy Scales’

. The one exception is given by the
Glashow resonance, which happens only for ν̄e when the center
of mass energy equals the mass of the W boson [75][75] Glashow, ‘Resonant Scattering

of Antineutrinos’
at Eres

ν̄e
=

m2
W/(2me) ∼ 6.3 PeV.
Figure 3.7Neutrino cross section shows the cross sections for scattering of neutri-

nos with nucleons at energies relevant for IceCube [76]
[76] Gandhi et al., ‘Neutrino
interactions at ultrahigh-energies’

. Up to
∼ 10 TeV the cross section grows linearly with the neutrino en-
ergy and is larger for neutrinos than for anti-neutrinos. Above
this energy, two features can be observed: (1) the cross section
is suppressed by the propagator of the massive boson, that can
no longer be neglected with respect to its mass. And (2), the
distinction between neutrino and anti-neutrino interactions be-
comes less pronounced since the scattering with the sea quarks
becomes more important, and thus the opposite helicities of
neutrinos and anti-neutrinos no longer make a difference. Fig-
ure 3.7 also shows that the interaction probability for electron
anti-neutrinos at 6.3 PeV is dramatically enhanced by the Glas-
gow resonance, and that CC interactions are generally a factor
three more likely to happen than NC interactions.

Interaction length The right panel of Figure 3.7 shows the mean free path of
a neutrino, which goes with the inverse of the cross section.
Therefore, the rise of the charged-current and neutral-current
cross sections with energy is mirrored in the decrease of the
(water-equivalent) interaction length. Above 40 TeV, the Earth’s
diameter exceeds the CC interaction length of neutrinos. Hence,
above that energy the Earth becomes opaque for a neutrino
traveling through it and the neutrino detection at the highest
energies is restricted to the horizon and downgoing events
(traveling through the atmosphere).
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Figure 3.7: Neutrino cross sections and interaction lengths (water equivalent w.e.) for DIS interactions of neutrinos
with a nucleus as a function of the neutrino energy. CC and NC interactions for neutrinos and anti-neutrinos are
shown, as well as the Glashow resonance. The gray horizontal line in the right plot shows the diameter of the Earth.
Plot adapted from [76].

3.2.2 Cherenkov Radiation

Once an interaction has taken place, the secondary charged
particles are generally relativistic. They travel faster than the
speed of the light in the ice and thus emit Cherenkov radiation,
which is measured by the DOMs and used to reconstruct the
direction and energy of the incoming neutrinos. The Cherenkov
light is the result of a coherent superposition of electromagnetic
waves that arise from the polarization of the medium due to the
passing particle. For a particle traveling with velocity β = v/c
in a medium with refractive index n, the Cherenkov light is
emitted under an angle θC given by:

cos θC =
1

nβ
. (3.1)

For highly relativistic particles propagating in ice, β ≈ 1 and
n ≈ 1.32 [77] [77] Warren, ‘Optical constants

of ice from the ultraviolet to the
microwave’

, thus θC ≈ 41◦. The direction of the particle can be
deduced from the Cherenkov wave front cone. The number of
photons per unit wavelength λ and unit distance x travelled by
the charged particle is given by the Frank-Tamm formula:

dN
dxdλ

=
2παz2

λ2

(︃
1 −

1
n(λ)2β2

)︃
, (3.2)

where z is the charge of the moving particle, α ≈ 1/137 is
the fine-structure constant and the refractive index n depends
on the wavelength [9] [9] Tanabashi et al., ‘Review of

Particle Physics’
. The Cherenkov spectrum is inversely

proportional to the square of the wavelength, and peaks in the
blue part of the visible spectrum and near UV. A relativistic
particle passing through the ice produces ∼ 250 photons/cm.
This number is obtained by integrating Equation 3.2 between
300 nm and 500 nm, the wavelength range where the IceCube
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photosensors are typically most sensitive.

Figure 3.8: Cherenkov light signa-
tures for muons on the left and cas-
cades on the right.

3.3 Event topologies

The detection of neutrino interactions using Cherenkov radia-
tion of secondary charged particles is based on the signature
left by the Cherenkov light in the detector. The light signature
depends on the interaction type and the neutrino flavour.

NC-interactions transfer a fraction of the neutrino energy to
the nucleus. An hadronic shower (or cascade) is thus
produced by the secondary hadrons emerging from the
reaction and their corresponding decay chain.

CC-interactions have a charged lepton in the final state, as
well as an hadronic cascade. If the lepton is an electron, it
immediately initiates an electromagnetic particle shower
by emitting bremsstrahlung photons, quickly radiating
all its energy. In contrast, thanks to their higher mass,
muons can travel considerably larger distances with little
energy loss. In the case of tau production, it decays almost
immediately because of its short lifetime, initiating in
∼65% of the cases another hadronic shower at the decay
point and decaying into µ+ νµ (∼ 17%) and e + νe (∼ 17%)
in the other cases [9][9] Tanabashi et al., ‘Review of

Particle Physics’
. Therefore, in ∼ 83% of all cases a

singular shower (electromagnetic/hadronic) will emerge
at the decay point, while in ∼ 17% a muon will continue.
Before decaying, the tau travels in the ice for a length that
depends on its energy: it typically reaches 50 m at 1 PeV
or 500 m at 10 PeV. In these cases, the two cascades are
separated by a track-like signature, resulting in the what
is call a double-bang [78][78] Learned et al., ‘Detecting

tau-neutrino oscillations at PeV
energies’

(see right panel of Figure 3.9). In
the following, the tau topology will be neglected since it
is not the focus of this thesis.

Based on the geometry and symmetries of the light emis-
sion, three event topologies can be distinguished: cascades or
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Figure 3.9: IceCube event signatures: a track-like event (left), a cascade-like event (middle) and a double-bang event
(right). The first and second are events observed by IceCube while the third is a simulation. Each dot represents a
DOM that records Cherenkov light. The sizes of the dots is proportional to the number of detected photons. The colors
of the dots indicate the relative arrival time of the photons with respect to each other, from early (red) to late (green).
Figures from https://icecube.wisc.edu/gallery/.

showers, tracks and the aforementioned double-bangs. Cascade topologyHadronic
cascades reach a maximum extent of about 10 m in the IceCube
energy range and thus cannot be resolved in the coarsely instru-
mented grid of IceCube [68]

[68] Aartsen et al., ‘Energy recon-
struction methods in the IceCube
neutrino telescope’

. Thus, all NC interactions appear
as point-like, almost isotropic light sources. This is called a
cascade topology (right panel in Figure 3.8 and middle panel
in Figure 3.9). The typical range of electromagnetic cascades
created in CC interactions of electron and tau neutrinos is of
the same order, and thus produces a similar light signature.
The amount of light produced is connected to the number of
particles produced in the cascade and hence connected to the
neutrino energy. Because of their short length, cascades do not
have a good angular resolution, about 10◦ at 50% confidence for
energies above 60 TeV. On the other hand, since cascades are
generally completely contained in the instrumented volume, the
energy resolution is on average ∼ 10% at TeV energies [68].

The Track topologysecond IceCube event topology (the most relevant for
this thesis) is the track. Tracks are produced by muons in the CC
interactions of νµ. They are characterized by a long, elongated
light pattern (see left panel of Figure 3.9) produced by the
Cherenkov cone of the muon (see left panel of Figure 3.8) and
the radiative energy losses along the muon’s path that produce
Cherenkov light themselves. This results in a long lever arm
for angular reconstruction, resulting in much better angular
resolutions than for cascades. The interaction angle Ψ between
the muon neutrino and the muon depends on the neutrino
energy Eν and is given by [79] [79] Learned et al., ‘High-Energy

Neutrino Astrophysics’
:

Ψ = 0.7◦ · (Eν/TeV)−0.7, (3.3)

which is below the achieved muon reconstruction accuracy at
all energies. Hence, the CC νµ-channel allows for the search
for point-sources of astrophysical neutrinos. At energies above
300 GeV, the typical length of a muon exceeds the kilometer-

https://icecube.wisc.edu/gallery/
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scale of the detector. Therefore, they are not fully contained
and only leave part of the neutrino energy in IceCube, resulting
in a poor energy resolution. Moreover, muon tracks can start
inside the detector and then leave (starting track) or they can
enter the detector from interactions in the surrounding material
(through-going tracks). Since through-going tracks originate from
outside the instrumented volume, they increase the effective
volume for neutrino detection. In both cases, the energy of the
neutrino can be determined only on a statistical basis and the
relation depends on the assumed spectrum of the neutrino flux.
Tracks can be induced also in tau neutrino interactions, if the
tau lepton decays to muons, or in Glashow events, if the W−

decays to ν−µ−.

3.4 Muon propagation and energy losses

As stated in section 3.3, the muon tracks are well-suited for
searches of neutrino point sources. The key to a good angular
track resolution is the understanding of the propagation of the
muon in the ice and thus of the different energy loss processes
that it can undergo.

CherenkovCherenkov radiation radiation constitutes a very small fraction of the
total energy loss of muons, contributing only to 1% with respect
to the ionization loss [80][80] Abbasi et al., ‘An improved

method for measuring muon
energy using the truncated mean of
dE/dx’

.

Figure 3.10: Illustration of continu-
ous and stochastic energy losses by
a muon in the IceCube detector. The
circles represents the cascades pro-
duced by energy losses along the
muon track. Their size is propor-
tional to the energy loss.

(a) Continuous energy losses. (b) Stochastic energy losses.

BelowContinuous energy losses 1 TeV, muons loose energy mainly via ionization [9]

[9] Tanabashi et al., ‘Review of
Particle Physics’

.
This process is usually referred as continuous energy loss: it
happens smoothly along the track and can be illustrated as a
continuous series of cascades with the same energy on top of
the muon (see Figure 3.10a). Ionization happens when a charged
particle travels in a medium and transfers part of its energy
to an atom, freeing an electron. Ionization losses increase with
energy only slowly logarithmically as:

dE
dx

|︁|︁|︁|︁
Ioniz

∝ Z ln
E
M

(3.4)
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Figure 3.11: Feynman diagram of
Bremsstrahlung by a muon.

Figure 3.12: Feynman diagram of
electron pair production by a muon.

where E and M are the muon energy and mass respectively,
and Z is the atomic number of the ice. Ionization losses are al-
ways present, even at higher energies, but become subdominant
compared to stochastic losses7

7 The primary muon with only con-
tinuous energy losses is called bare
muon..
Stochastic energy lossesAbove 1 TeV, stochastic losses start to dominate. They are

given mainly by bremsstrahlung, photo-nuclear interactions
and pair production [9].

Bremsstrahlung losses happen when a muon interacts with
the Coulomb field of a nucleus, radiating electromagnetic
quanta (see Feynman diagram in Figure 3.11). The result-
ing energy loss is given by:

dE
dx

|︁|︁|︁|︁
Brem

∝ Z2 E
M2 . (3.5)

Photo-nuclear interactions are inelastic scatterings of a muon
with a nucleon or a nucleus through the exchange of a
virtual photon:

µ+ N → µ+ X . (3.6)

When the four momentum transferred from the muon
to the hadrons is ≫ 1 GeV, this reaction becomes a DIS
process. As for Bremsstrahlung, the energy loss is propor-
tional to the muon energy.

Pair production by a muon happens when it interacts with
an atomic target, producing in the final state an electron
positron pair, along with the muon and hadrons. In Figure
3.12 one of the two Bethe-Heitler diagrams contributing
to this process is shown. Pair production from a photon
radiating from the incoming or outgoing muon and from
the atomic target or final hadronic state are also possibile
but less dominant.

The total energy loss of a muon can be expressed as [81] [81] Chirkin et al., ‘Muon Monte
Carlo: A High-precision tool for
muon propagation through matter’

:

−
dE
dx
= a(E) + b(E)E , (3.7)

with a(E) = 0.24 GeV m−1 and b(E) = 0.00032 m−1 for ice.
Here a is the energy loss contribution from ionization and bE
is the contribution from stochastic losses. The critical energy Ec

at which both contributions are equal is defined by:

a(Ec) = b(Ec)Ec ⇒ Ec = 1031 GeV. (3.8)

Figure 3.13 shows the total energy losses of a muon in the ice,
along with the main contributing processes.

As a result of stochastic energy losses, large fluctuations are
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Figure 3.13: Muon energy losses
per meter in the ice. Plot adapted
from [81].

Figure 3.14: Illustration of IceCube
main background. The high-energy
atmospheric muons (solid blu ar-
rows) are reduced by using the
Earth as a filter. The distinction be-
tween up-going and down-going
muons is also shown.

possibile in the amount of energy distributed within IceCube,
even for muons of the same energy. In fact, the stochastic losses
are characterized by energy depositions at irregular intervals
rather than continuously, resulting in a series of showers over-
laid on the muon path (see illustration Figure 3.10b).

3.5 Observation of astrophysical neutrinos

There are two main challenges for neutrino astronomy: to create
a pure sample of neutrinos and to identify the small fraction of
these neutrinos that is of astrophysical origin. The astrophysical
neutrino flux measured by IceCube is of about 100− 1000 events
per year above the atmospheric background, with a power law
energy distribution close to E−2.

Below ∼ 300 TeV, the main background for cosmic neutri-
nos are atmospheric neutrinos and muons. Above this energy,
the atmospheric neutrino flux reduces to less than one event
per year, and thus events in that energy range are of cosmic
origin. At high energy, the astrophysical neutrinos are in fact
expected to have a harder spectrum than atmospheric neutrinos
because they reflect the parent spectrum at the distant source.
In addition, atmospheric neutrinos are further suppressed by
re-interactions of the parent mesons, leading to a spectrum
of ∼ E−3.7. Atmospheric muons can enter the detector only
from the Southern hemisphere while muons induced by atmo-
spheric neutrinos arrive from isotropic directions, as pictured
in Figure 3.14. For the Northern hemisphere, the main task is
the identification of falsely reconstructed atmospheric muons
mainly caused by two or more coincident tracks in the detector
mimicking an upgoing direction. These can be identified by
reconstruction quality parameters or the investigation of the
photon hit pattern.
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Figure 3.15: Comparison of the best-
fits and profile likelihood contours
of different IceCube analyses mea-
suring the astrophysical flux, as-
suming a single power-law energy
spectrum. The solid and dashed
lines show the 68% and 95% Confi-
dence Level (C.L.) contours, respec-
tively. The y-axis shows the per-
flavor normalization anchored at
100 TeV. Adapted from [82]

[82] Schneider, ‘Characterization of
the Astrophysical Diffuse Neutrino
Flux with IceCube High-Energy
Starting Events’

and [83]

[83] Stettner, ‘Measurement of
the Diffuse Astrophysical Muon-
Neutrino Spectrum with Ten Years
of IceCube Data’

.

IceCube uses three methods to separate astrophysical neu-
trinos from the atmospheric background. One method selects
through-going track-like events from the Northern hemisphere.
The Earth filters out muons from the Northern hemisphere,
and energy is used to discriminate the expected hard (E−2)
astrophysical neutrino component from the soft atmospheric
neutrino spectrum. However, this method is not sensitive to
the Southern hemisphere sky, nor is it sensitive to cascade-type
events. The second method selects events of both cascade and
track type from the whole sky, but requires that the events start
inside the detector, in order to eliminate through-going atmo-
spheric muons which should deposit light on the outer strings
of the detector. Tracks in the starting event sample may exit the
detector, and therefore are not fully contained. Most cascades
in this sample are fully contained. The events selected in this
way are called High Energy Starting Events (HESE). The last
possibility is to select only contained electron and tau neutrino-
induced particle showers, which have the advantage of a lower
rate of atmospheric production than muon neutrinos.

IceCube announced the first detection of a diffuse flux of cos-
mic neutrinos in 2013, using three years of the all-flavor HESE
sample from the whole sky [1]

[1] Aartsen et al., ‘Observation of
High-Energy Astrophysical Neutri-
nos in Three Years of IceCube Data’

. The discovery was confirmed by
the high-energy through-going track sample from the Northern
hemisphere sky using 6 years of IceCube data [84]

[84] Aartsen et al., ‘Observation
and Characterization of a Cosmic
Muon Neutrino Flux from the
Northern Hemisphere using six
years of IceCube data’

. In both
samples the arrival directions of the neutrinos were consistent
with an isotropic distribution. The measurement of the IceCube
neutrino flux has been recently updated using 7.5 years of HESE
events [82] and 9.5 years of through-going muon tracks [83]. In
both cases, the neutrinos flux is well described by a power law.
Figure 3.15 shows the best fit flux normalization and spectral
index for the through-going track sample, the starting event
sample, and also the sample of contained cascades presented
in [85]

[85] Aartsen et al., ‘Characteristics
of the diffuse astrophysical electron
and tau neutrino flux with six years
of IceCube high energy cascade
data’

.

3.6 IceCube-Gen2

IceCube-Gen2 is a second generation observatory that will ex-
tend the existing IceCube array, increasing the instrumented
volume by a factor of ∼ 8 [86] [86] Aartsen et al., ‘IceCube-Gen2:

The Window to the Extreme
Universe’

. This will result in an improve-
ment of the event rate by a factor of 4-10, depending on channel,
and of the angular resolution by factor of ∼ 3, allowing the
detection of sources 5 times fainter than visible today.

Besides new strings with DOMs, other additional components
will be added to IceCube, expanding IceCube-Gen2 into a wide-
band neutrino facility. As shown in Figure 3.16, IceCube-Gen2
will consist of 4 main parts:
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Figure 3.16: The IceCube-Gen2
Neutrino Observatory.

Figure 3.17: Top view of the
IceCube-Gen2 optical in-ice arrays
with the new 120 strings arranged
in a "sunflower" configuration.

▶ The main in-ice optical array will enhance the effective
area by increasing the spacing between strings to approx-
imately 240 m and by deploying the optical sensors to
depths of approximately 2.6 km, a 25% increase with re-
spect to IceCube. The 120 news strings with 80 sensors
each will embed the existing IceCube strings in a "sun-
flower" configuration that optimizes the filtering power for
incoming muon tracks, for a total instrumented volume
of 7.9 km3, nearly 10 times larger than IceCube alone (see
Figure 3.17). A new generation of sensors [87–89]

[87] Sandstrom, ‘Digital optical
module design for PINGU’
[88] Classen et al., ‘A multi-PMT
Optical Module for the IceCube
Upgrade’
[89] Ijiri et al., ‘A dual-PMT optical
module (D-Egg) for IceCube-Gen2’

will be
used with 2-3 times grater photo-cathode area and with
multiple smaller photomultiplier tubes in each optical
module that provide additional directional information.
In this thesis only one of them will be used, the so-called
PINGU DOM (PDOM), an updated version of the IceCube
DOM that uses the same 10-inch, high-quantum-efficiency
PMT of DeepCore (see Chapter 4 and Appendix D). The
higher PMT coverage, combined with better understand-
ing of the ice, partially compensates for the substantially
increased string spacing and consequent decrease in the
number of detected photons. The gains in extra photo-
cathode area and additional directional information of
the photons result in about 30% better angular resolution.
As a result, it will be possible to reconstruct horizontal
muon neutrino events in IceCube-Gen2 with an angular
resolution approaching 0.1◦.

▶ A dense infill inside the existing DeepCore will provide
improved detection of unscattered photons from parti-
cle interactions above approximately 1 GeV, extending
atmospheric oscillation measurements and dark matter
searches [90][90] Aartsen et al., ‘PINGU: A

Vision for Neutrino and Particle
Physics at the South Pole’

. This part of the project is known as the
IceCube Upgrade [91]

[91] Ishihara, ‘The IceCube Up-
grade – Design and Science Goals’

, and is already fully funded and
currently entering the construction phase. This project will
serve as R&D towards a full IceCube-Gen2 array and it
will also provide a calibration program, which is designed
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to improve the knowledge of the natural ice medium,
making it possible to enhance reconstruction performaces
and control current leading systematic uncertainties.

▶ A large surface array will expand the current IceTop array
by approximately an order of magnitude, lowering the
energy threshold8 8 i.e. at and below 10 TeVfor Southern-sky neutrino searches by
vetoing atmospheric neutrinos and muon tracks [92] [92] Auffenberg, ‘IceAct: Imaging

Air Cherenkov Telescopes with
SiPMs at the South Pole for
IceCube-Gen2’

.
▶ A radio array will detect cosmogenic and astrophysical

neutrinos above ∼10 PeV through the Askaryan effect
[93]

[93] Askar’yan, ‘Excess negative
charge of an electron-photon
shower and its coherent radio
emission’

. IceCube-Gen2 will instrument 500 km2 of the surface
Antarctic ice with 200 stations [94]

[94] Allison et al., ‘First Constraints
on the Ultra-High Energy Neutrino
Flux from a Prototype Station of
the Askaryan Radio Array’

, combining shallow
antennas [95]

[95] Anker et al., ‘Targeting
ultra-high energy neutrinos with
the ARIANNA experiment’

(better gain, frequency and polarization sen-
sitivity), with deep antennas and a phased-array trigger
string (more effective volume, better sky coverage). A frac-
tion of events will be detected in all detector components,
providing events with the best reconstructed properties.
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In this chapter a new muon reconstruction for IceCube and
IceCube-Gen2 is presented. First, the current reconstruction

algorithms and the maximum likelihood method on which they
are based on are reviewed (Section 4.1). A study of the weak
points of these reconstructions follows, which identifies the
main systematics shortcoming in the assumption of continuous
energy loss along the muon track (Section 4.2). This leads to the
implementation of the new reconstruction SegmentedSplineReco
(Section 4.3), where the expected arrival time distribution is
parametrized by a stochastic energy loss pattern. This more
realistic parametrization of the muon energy loss profile leads to
an improvement of about 20% for the muon angular resolution
of IceCube. Finally, a study of new angular error estimators is
presented (Section 4.4). Part of the work presented in Section 4.4
has been realized in collaboration with Thorsten Glüsenkamp∗

and published in [96, 97] [96] Bradascio, Federica and
Glüsenkamp, Thorsten, ‘Improving
the muon track reconstruction of
IceCube and IceCube-Gen2’
[97] Bradascio, Federica and
Glüsenkamp, Thorsten, ‘An im-
proved muon track reconstruction
for IceCube’

.

4.1 Muon track reconstruction in IceCube

The angular reconstruction of muon tracks in IceCube relies on
the optical detection of the Cherenkov radiation emitted by the
muon interactions in the ice and registered by the PMTs [98] [98] Ahrens et al., ‘Muon track

reconstruction and data selection
techniques in AMANDA’

.
Each recorded event is characterized by a series of pulses, each
including the detection times ti, the charge qi and the position
xi of the DOM that recorded the pulse. The trajectory of the
muon is parameterized as a straight line (see Figure 4.1) ,

⎛⎜⎜⎝
x(t)
y(t)
z(t)

⎞⎟⎟⎠ = r0 +
⎛⎜⎜⎝
vx

vy

vz

⎞⎟⎟⎠ (t − t0), (4.1)

where v =
√︂∑︁

i v
2
i is the speed of the track which can be approx-

imated with the speed of light v ≈ 30 cm/ns. At time t0, the
muon has energy E0 and is located at the position r0 along a

direction p̂.

(︄
r0

t0

)︄
is referred to as the vertex of the track. It is an

arbitrary point that can be chosen anywhere along the track, for

∗ Erlangen Center for Astroparticle Physics, Friedrich-Alexander-
Universität Erlangen-Nürnberg, D-91058 Erlangen, Germany. E-mail:
thorsten.gluesenkamp@fau.de



38 4 IceCube and IceCube-Gen2 PSF improvements

example at its center, at the ”Center of Gravity"1010 The Center of Gravity is defined
as the charge-weighted center of
detected pulses, xCoG =

∑︁
i qi/Qtot

where Qtot is the total detected
charge.

of the pulses
or at the first event interaction point in the case of a starting
track.

Figure 4.1: Muon track and
Cherenkov light front: definition of
variables.

Along the muon track,Linefit algorithm Cherenkov photons are emitted at
a fixed angle θc relative to p̂, according to Equation 3.1. Since
this light emission has a cylindrical symmetry around the par-
ticle’s path, a first good estimate of the particle track can be
obtained by minimizing the distance of the reconstructed track
to all pulses at their respective detection time. This fit is called
Linefit [98][98] Ahrens et al., ‘Muon track

reconstruction and data selection
techniques in AMANDA’

, a very basic algorithm based on the Least-Square
method defined by:

χ2 =

Nhits∑︂
i=1

(xi − (x + vti))2, (4.2)

where Nhits is the total number of hit photons and xi is the
position of the i-th illuminated DOM. Linefit assumes that the
light travels on a straight line with speed v ≈ c through the
detector, without taking into account the optical properties of
the ice or the geometry of the Cherenkov cone. However, this
reconstruction is statistically very robust and can be calculated
analytically. Hence, it serves well as a first-guess estimator for
more complex algorithms.

More sophisticated reconstructions of muon tracks take into
account the light propagation from the photon production until
detection at a DOM. This includes the Cherenkov emission pro-
file as well as the scattering in the ice. These more elaborated
algorithms are based on a Maximum Likelihood (ML) proce-
dure, and need an initial estimate prior to the reconstruction
(e.g. Linefit). In the following sections of this thesis, the recon-
structions based on the ML method are described, along with a
general introduction to the ML method itself.
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4.1.1 The Maximum Likelihood method

The Maximum Likelihood (ML) Estimation is a method that
determines model parameters given discrete, uncorrelated data
events [99] [99] Cowan, Statistical Data Analysis. It is based on the definition of the likelihood function
L. Let’s consider a set of n experimentally measured values
x = (x1, . . . , xn) that can be described by a PDF P(x |θ) depending
on m unknown parameters θ = (θ1, . . . , θm). The likelihood L of
these variables can be defined as [100] [100] Barlow, Statistics: A Guide to

the Use of Statistical Methods in the
Physical Sciences

:

L(x1, x2, . . . , xn |θ) = P(x1 |θ) · P(x2 |θ) · · · P(xn |θ)

=

n∏︂
i=1

P(xi |θ).
(4.3)

The better the data fits to the hypothesized PDF, the larger
are the probabilities P(xi |θ) and consequently the value of the
likelihood function L(x |θ). With this motivation, the ML estima-
tors for the parameters are defined as the values that give the
maximum of the likelihood function L(x |θ). This corresponds
to minimizing the negative likelihood function, or the nega-
tive log-likelihood (LLH) function which possesses the same
extrema due to the monotonicity of the logarithm.

It can be shown that the maximum likelihood method is un-
biased and asymptotically efficient for large n, when it reaches
the minimum variance bound [100, p. 83]. However, for small n
it can have a bias, as discussed in [100, p. 84].

Depending Unbinned likelihoodon the size of the data sample, the probability
P(x |θ) of a continuous parameter θ can be evaluated in two dif-
ferent ways, leading to two versions of the likelihood function:
unbinned and binned likelihood. In the first case, the PDF is
evaluated as a continuous function f (x), resulting in:

Lunbinned(θ) =
n∏︂
i

f (xi |θ). (4.4)

The unbinned maximum likelihood method is preferred if the
total number of data values x is small. Conversely, if the sample
is large it can be convenient to bin the values in a histogram
with N bins, so that one obtains a vector of data n = (n1, . . . , nN )

with expectation values λ = E[n]. If the total number of events
ntot =

∑︁N
i ni is fixed, one can look at the histrogram as a single

measurement of an N-dimensional random vector for which the
total PDF is given by a multinomial distribution [99, p. 87]:

ftot(n;λ) =
ntot!

n1! . . . nN !

(︃
λ1

ntot

)︃n1

· · ·

(︃
λN
ntot

)︃nN

. (4.5)
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TheBinned likelihood binned likelihood is thus expressed as:

Lbinned(θ) = ntot!
N∏︂
i=1

1
ni !

(︃
λi

ntot

)︃ni
, (4.6)

where λi is the expected number of events in each bin. Mathe-
matically, the unbinned likelihood in Equation 4.4 can always
be derived from the binned one (Equation 4.6) in the limit of
infinitely small bin size (i.e. for N → ∞).

If the number of observations n in the sample is itself a
Poisson random variable with a mean value λ, then the standard
likelihood formulations in Equation 4.4 and Equation 4.6 can be
multiplied ("extended") by a Poisson factor, which has the effect
of changing the normalization. The resulting extended likelihood
functions are defined as [101][101] Barlow, ‘Extended maximum

likelihood’
:

Lext,unbin(θ; n) =
e−λtot · λntot

tot

ntot!

n∏︂
i=1

f (xi |θ) (4.7)

Lext,bin(θ; n) =
N∏︂
i=1

λnii · e−λi

ni !
, (4.8)

where λtot =
∑︁N

i=1 λi. It can be noticed that the extended
binned likelihood is given by the product of the Poisson PDF of
each bin.

In this thesis, the afore-presented likelihood functions are
used for the directional (see Section 4.1.2) and energy recon-
structions (see Section 4.1.3) and for the point source analysis
(see Chapter 7).

4.1.2 Directional reconstruction

To achieve a better resolution than Linefit, the emission direc-
tion, absorption and scattering of the light in the ice have to
be considered. Since there is no exact analytical solution for
this problem, the maximum likelihood method presented in
Section 4.1.1 has to be used to obtain the most likely muon track
[98][98] Ahrens et al., ‘Muon track

reconstruction and data selection
techniques in AMANDA’

.
The unknown parameters θ to be estimated are the vertex

coordinates (x0, y0, z0) and the direction p⃗, given in spherical
coordinates by its zenith and azimuth angles. The experimen-
tal data x are the detection time ti and the charge qi of each
reconstructed pulse. The likelihood function in Equation 4.3 is
defined as a function of time. The PDF is thus the probability
for a Cherenkov photon to arrive at a given DOM over time. As
shown in Figure 4.1, when no scattering is present photons are
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Data
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Figure 4.2: Track reconstruction
chain.

expected to arrive at the position ri of DOM i at the time:

tgeo = t0 +
⎛⎜⎜⎝
vx

vy

vz

⎞⎟⎟⎠ ·
(ri − r0)

c
+

d
c

tan θC, (4.9)

where d is the distance to the DOM and θC is the Cherenkov
angle. Time residualHowever, since the photon is delayed by scattering in
the ice, it is more convenient to express the PDF as a function
of the time residual:

tres ≡ thit − tgeo (4.10)

which is the difference between the observed hit time thit and the
arrival time tgeo expected for a "direct photon". A "direct photon"
is defined as a Cherenkov photon that travels undelayed directly
from the production point to the DOM without scattering. The
time residual PDFs depend on a given Cherenkov light emission
pattern hypothesis, e.g. the position, orientation and energy
losses of a muon track in the detector.

The Reconstruction frameworkPDF is then used to define one of the likelihoods de-
scribed in Section 4.1.1, which is minimized by varying the
parameters of the hypothesis. The best-fit values of the pa-
rameters determine the final event reconstruction. Different
numerical minimization algorithm are available in the recon-
struction framework. The basic reconstruction steps are shown
in Figure 4.2: this process is sequential, and can be iterated mul-
tiple times to start from a better initial guess and thus achieve
better results.

Two SPE likelihoodunbinned likelihood models are defined, based on the
definition of Equation 4.4. The first one is called SPE likeli-
hood, since it treats each single PE11 11 PEs are counted via amplified

pulse charge.
i at a DOM k individually

according to the formula:

LSPE =

NDOM∏︂
k

Nhits∏︂
i

[pk(tres,i)]
qi , (4.11)

where qi is the charge of a hit i and the PDF pk is defined at
the time residual tres,i. The MPE likelihoodsecond likelihood is called Multi-
Photoelectron (MPE), because it takes into account all light
arriving at a DOM, but is adjusted to use only the timing in-
formation of the first photon since it is less scattered and thus
carries more directional information than the photons arriving
later. The information of the later hits on the same DOM is
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taken into account by using the Cumulative Distribution Func-
tion (CDF) calculated for all times larger than tres. The MPE
likelihood is given by:

LMPE =

NDOM∏︂
k=1

Nk · pk(tres,1)(1 − Pk(tres,1))
(Nk−1), (4.12)

where pi(tres,1) and Pi(tres,1) are the respective time residual PDF
and its CDF of the first photon for DOM i, Ni is the number of
observed hits for the given DOM, and NDOM is the number of
hit DOMs [98][98] Ahrens et al., ‘Muon track

reconstruction and data selection
techniques in AMANDA’

. In theory, the SPE likelihood should give best
performances, since it uses the time information of all detected
photons in a DOM. However, IceCube studies show slightly
worse performance than MPE, probably due to the fact that
heavily scattered late photons do not add new information and,
on the contrary, increase exposure to systematic limitations in
the modelling of the ice optical properties.

ThePandel function photon hit probabilities and arrival time distributions are
simulated as functions of all relevant parameters with dedicated
Monte Carlo (MC) simulations and the probability p(tres) are
calculated using an analytical approximation, called Pandel
function [98]. It is a modified Gamma function given by:

p(tres) ∝
τ−d/λ td/(λ−1)

res

Γ(d/λ)
e−

(︂
tres

(︂
1
τ +

ĉ
λa

)︂
+ d

λa

)︂
(4.13)

where ĉ = c/n is the speed of light in ice, λa the absorption
length, Γ(d/λ) the Gamma function and τ and λ two free param-
eters (a time and a length, respectively) estimated from Monte
Carlo simulations.

However,SplineReco using detailed light propagation simulations, where
photons are propagated directly until a DOM is hit, the prob-
ability distribution function is better described. In this way,
the ice properties are incorporated into the simulations and,
under a given Cherenkov emission hypothesis (e.g. minimum
ionizing muon), the probability for a photon to be observed
at an angle θ with arrival time tres at a DOM at distance d is
calculated. The results are saved in the so-called photonics tables.
The tabulated photon hits are then interpolated using multidi-
mensional B-splines [102]

[102] Whitehorn et al., ‘Penalized
splines for smooth representation
of high-dimensional Monte Carlo
datasets’

resulting in a smooth description of
the probabilities. The present best muon reconstruction used in
IceCube is called SplineReco because it uses the photonics tables
to model the PDFs, under the emission hypothesis of an infinite,
minimum ionizing muon track [103]

[103] Schatto, ‘Stacked searches for
high-energy neutrinos from blazars
with IceCube’ .

TheOpening angle angular resolution of a track reconstruction is charac-
terized by the space angle distribution between the simulated
MC track and the reconstructed track, a parameter known as
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Figure 4.3: Median angular reso-
lution of the different track re-
constructions discussed in the text
for 200 through-going simulated
muons.

Linefit

Analytic fit

SplineReco

(B-Spline fit)

SegmentedSplineReco

seed

seed

seed

Figure 4.4: Track reconstruction
seeding chain.

the opening angle (∆Ψ). In Figure 4.3 the median of the open-
ing angle for the different track reconstructions discussed here
is shown using 200 through-going simulated muons12 12 These events are part of the

Muon Benchmark IceCube dataset
(see Appendix C).

. The
median opening angle between neutrino and muon is shown
for comparison. This kinematic angle is the fundamental limit
on estimates of the original neutrino direction based on the
muon direction. At low energies, the muon and neutrino are
not aligned anymore, weakening the neutrino reconstruction
performance. With increasing energy and hence more detected
photons per event, the reconstruction quality improves over-
all. Linefit performs reasonably well as a first-guess algorithm.
The Pandel and SplineReco reconstruction performances are
shown for both the SPE and MPE likelihoods. The best overall
results are given by the MPE likelihoods using time residual
distributions from simulated spline tables, followed by analytic
parameterizations. The best performance is given by SplineReco
using the MPE likelihood, with an overall resolution of ∆Ψ < 1◦

at all energies. It is thus used for final-level reconstructions,
and from now on it will be referred to as SplineMPE, while
Linefit and the analytic reconstruction are used as first guess
algorithms in the reconstruction chain, as shown in Figure 4.4.

Even though SplineMPE gives better results compared to
previous and simpler reconstructions, it is still limited by not
parameterizing the muon stochastic energy losses, since it is still
assumed the track is minimally ionizing. In order to overcome
this, several modifications have been introduced in SplineReco,
which have been empirically tested. These include the use of
effective photon arrival PDFs from averaged stochastic tracks
instead of minimally ionizing tracks (referred to as energy de-
pendent MPE), non-uniform photo-multiplier noise modeling
(noise model), a removal of photons that might arise from large
stochastic losses (using a Kolmogorov-Smirnov (KS) test) and a
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Figure 4.5: Median angular resolu-
tion of SplineMPE with different pa-
rameters going into the max setting.
The combination of all of them gives
the final best reconstruction (red
line).

convolution with a Gaussian kernel of the MPE PDF (energy
dependent jitter) [103][103] Schatto, ‘Stacked searches for

high-energy neutrinos from blazars
with IceCube’

. Figure 4.5 shows the effect of each of
these parameters on SplineMPE. The combination of all them
are called the max settings which are used for final-level and
real-time event reconstruction.

4.1.3 Energy reconstruction

The energy reconstruction of muon tracks is performed after a
directional reconstruction. At low energies (≤ 100 GeV), muon
tracks are contained in the detector and their energy can be
inferred from their range. At higher energies, muons have a
range longer than the length of the detector: they can either
be created outside the detector (through-going tracks) or their
interaction point is inside the detector volume but then they
leave the detector (starting tracks). In both cases, the muon
tracks are not fully contained in IceCube and the reconstructed
muon energy can only provide a lower bound on the true muon
energy, and thus on the neutrino energy. It follows that the
muon energy can be reconstructed only using the light emitted
by the muon while travelling inside the detector using the
energy loss along its trajectory (dEµ/dx) as an estimator for its
energy.

Above 1 TeVMuon energy estimation , dEµ/dx scales linearly with the total muon en-
ergy (see Figure 3.13), and is proportional to the expected num-
ber of photons detected by a PMT. The muon energy can thus
be estimated by scaling a template track (with a certain Eµ or
dEµ/dx) in order to match the number of detected photons [68][68] Aartsen et al., ‘Energy recon-

struction methods in the IceCube
neutrino telescope’

.
This number is expected to follow a Poisson distribution with
mean λ = EµΛ:

L=
λk

k !
e−λ =

(EµΛ)
k

k !
e−EµΛ, (4.14)
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where Λ is the template function providing the expected num-
ber of photons produced during an event per unit energy and
k is the number of measured photons. Λ is calculated for each
possible DOM-track configuration: it can be approximated ana-
lytically or taken from lookup tables produced in MC simula-
tions. However, the template only assumes a smooth energy loss
profile of an infinite muon track. This hypothesis is not correct,
since above few TeV muons start losing energy stochastically.

In MuE and MuEXthe analytic approach, the Poisson function is convolved
with a function G to account for systematic uncertainties. The
final likelihood is:

L=

NDOMs∏︂
i=1

∫ ∞

0
G(λi, λ′)

(EµΛi)
ki

ki !
e−EµΛdλ′, (4.15)

which is maximized to obtain the most probable muon energy
for the observed light pattern. Depending on the exact analytic
form of the convolution term G(λi, λ′), two energy reconstruc-
tion can be derived: MuE and MuEX, the first one being the
progenitor of the latter. In the MuE reconstruction, G is simply
a delta function G(λi, λ′) = δ(λi − λ′). It follows that the con-
volution is not applied and therefore, systematics and large
stochastic energy losses can not be handled. On the other hand,
MuEX uses a skewed Student-t distribution function, whose
wide tails model the systematics uncertainties and correct for
the approximation uncertainty due to analytic modeling of the
light yield [68] [68] Aartsen et al., ‘Energy recon-

struction methods in the IceCube
neutrino telescope’

:

G(λi, λ′) =
const.
λ′

·

(︄
e−ω ln(λ′/λi ) +

(︃
ln(λ′/λi)
σ

)︃2
)︄

. (4.16)

The parameter ω is the skewness factor that allows for skewed
tails. Due to the exponential term, it is effective in reducing the
bias of large stochastic energy losses which are not part of the
infinite track hypothesis.

The Truncated EnergyMC approach is used in the Truncated Energy reconstruc-
tion in combination with a segmented method to account for
the stochastic energy losses [80] [80] Abbasi et al., ‘An improved

method for measuring muon
energy using the truncated mean of
dE/dx’

. The muon trajectory is split in
segments with length of ∼ 10 m, for a total of ∼ 15 segments.
For each segment dEµ/dx is estimated by applying the template
method and the bins with the largest values (40%) are removed.
The remaining PMTs are then used to determine the new trun-
cated dEµ/dx value. In this way a better energy resolution is
obtained, because rejecting the bins with the largest energy
losses removes outliers from the average and the variance in
the calculation of the dEµ/dx.
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However,Muon energy loss reconstruction
and Millipede

stochastic energy losses can vary on a scale much
smaller than the segment length used in the Truncated Energy
method. In addition, due to lack of physical segmentation in
the detector, the energy of each stochastic energy loss can be
detected by any PMT in the detector. These factors are taken
into account in the Millipede reconstruction [68][68] Aartsen et al., ‘Energy recon-

struction methods in the IceCube
neutrino telescope’

. The muon
track is split in n segments of typically 10 m and each segment
is treated as an electromagnetic point-like cascade producing
energy Ek . Each DOM i does not only measure the light from
the energy deposition Ek , but from all energy depositions in the
detector. Additionally, it may also measure noise pulses, which
contribute to the total amount of measured charge. The resulting
number of measured PEs k is simply a linear superposition of
all these sources weighted with their corresponding light-yield
factors Λi:

ki = ρi +
n∑︂
j=1

Λi,jEj , (4.17)

where ρi is the average expected charge due to noise measured
by a DOM i, which is determined by the length of the time
window of the event. The Λi is a function quantifying how much
light is seen in a DOM i given the vector of energy depositions
Ej . It depends on the positions of the observing photomultiplier,
the position of the event vertex, the orientation of the event,
and, when using timing information, the time the particle was
at the vertex and the time of observation. Equation 4.17 is valid
for each DOM, and can therefore be translated in a system of
linear equations:

k⃗ = ρ⃗+Λ · E⃗ . (4.18)

To calculate the likelihood of a given energy loss pattern the
predicted photon counts λ are calculated and compared to the
actual signal k. The prediction for the i-th DOM is given by:

λi = ρi +

n∑︂
j=1

Λi,jEj . (4.19)

Equation 4.19 and Equation 4.14 are the combined to obtain the
total Millipede likelihood:

L=

NDOMs∏︂
i=1

λk

k !
e−λ =

(EµΛ))
k

k !
e−EµΛ. (4.20)

This function is at its maximum when the prediction is equal
to the input signal (λ⃗ = k⃗). To reconstruct the energy losses in
each segment, the predictions λi are calculated for an initial
guess track (seed) and the observations ki are extracted from the
waveform to calculate the negative logarithm of the likelihood
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in Equation 4.20. This process is repeated for different energy
patterns, until the algorithm finds the optimal minimum (i.e. un-
til it finds the loss pattern and starting energy that best matches
the measured light). The Millipede algorithm can perform also
a complete minimization of both energy and direction, but at
high computational cost. Therefore, it is more convenient to
use pure angular reconstructions first, which give a very good
estimate of the angular direction for tracks, and then, only use
the approach of Equation 4.20 for the energy estimation.

4.2 Improving the muon track

reconstruction

The Residual time PDFsperformance of the likelihood reconstruction methods
described in the previous section depends heavily on the quality
of the underlying PDFs. The probability distribution of photon
arrival times at a DOM for a certain muon track has to be as
close to reality as possible. In the ideal case, the residual time
probability is a delta function of tres. However, deviations are
expected due to different effects, as summarized in Figure 4.6.

Figure 4.6: Residual time probability distribution for different cases. From left to right: PMT jitter; jitter and random
noise; jitter and scattering for different DOM-track distances; jitter and scattering for different jitter values.

First of all, PMT jitterthe time resolution σt is limited by variations in
the transit time of the electrons through the PMT. This effect is
generally referred to as timing jitter, and may arise because of
differences in the path length traveled by the electrons and in
the energy with which they are emitted by the photocathode,
or due to natural fluctuations in the PMT current because of
the statistical nature of the photoelectric effect and secondary
emission processes [104] [104] Leo, Techniques for Nuclear and

Particle Physics Experiments: A How
to Approach

. The effect of the jitter on the PDF
can be approximated by a Gaussian uncertainty (see the first
frame in Figure 4.6). In IceCube, the jitter is parameterized in
the detector simulator with a Fisher-Tippet function, and its
value is assumed to be ∼ 3 ns. However, it is accounted for also
in the SplineReco track reconstruction by convolving the spline
PDF in the likelihood by a Gaussian with σPDF = 4 ns13

13 This values has been derived em-
pirically [103]
[103] Schatto, ‘Stacked searches for
high-energy neutrinos from blazars
with IceCube’

.

. This
PMT timing uncertainty is usually referred to as pre-jitter, since
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it affects every hit separately and should be applied to the PDF.
But there are also other effects that influence every hit in the
same way or rather the whole DOM and should be adopted to
the whole likelihood function. These uncertainties includes:

▶ the relative DOM timing (∼ 1 − 2 ns) [67][67] Abbasi et al., ‘The IceCube data
acquisition system: Signal capture,
digitization, and timestamping’

;
▶ the data acquisition uncertainty (∼ 0.7 ns), due to the

signal transmission times [67];
▶ the geometrical uncertainty (∼ 1 ns) due to the unknown

exact position of the DOM in ice hole [62][62] Aartsen et al., ‘The IceCube
Neutrino Observatory: Instrumen-
tation and Online Systems’

.

These are together referred to as post-jitter (σLLH), and are taken
into account by convolving the likelihood with a Gaussian
function.

APMT noise second effect is the dark noise of the PMT, created by the
current flowing in the PMT even when it is not illuminated
[104]. Consequently, there is the probability that additional hits
are created randomly in time. Three components contribute to
generate noise hits in the IceCube PMTs1414 The PMT noise is simulated us-

ing the Vuvuzela module.
: thermal, radioactive

and scintillation noise. The thermal noise is described by a
Poisson distribution with frequency of ≈ 20 Hz. Radioactive
decay in the glass of the DOMs create random hits which are
independent of temperature but still described by a Poisson
distribution, with a rate of ≈ 250 Hz. Secondary particles from
each radioactive decay then interact within the DOM glass,
producing light via scintillation. The light is produced in fast
bursts followed by a long afterglow and enters the PMT, striking
the photocathode to form a photoelectron signal. The number
of hits in a burst is determined from a Poisson distribution with
constant mean rate (≈ 8 Hz) determined for each DOM. The
effect of the noise hits is to shift the PDF by an offset as shown
in the second panel in Figure 4.6.

TheLight scattering residual time probability distributions are also modified
by the propagation of the light in the ice and by deviations from
Cherenkov light. Scattering in the ice increases the distance
the light travels until detection and thus the residual time of
Equation 4.10, which is expected to grow large as the distance
of the DOM to the track increases.

LastlyStochastic energy losses and most importantly for this thesis, the PDF is mod-
ified by the stochastic energy losses. Starting above ∼ 1 TeV,
muons mostly loose energy stochastically via bremsstrahlung,
pair production, and nuclear interactions. The effect of these
processes is a production of shower-like depositions on top
of the track signature. Light that is created in such stochastic
losses arrives after the ideal Cherenkov cone. Moreover, these
processes are stochastic, and their relative photon yield fluc-
tuates. Light created in such stochastic losses has a different
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emission spectrum, and it influences the time residual distribu-
tion.

(a) SPE (b) MPE

Figure 4.7: Time residual probability distribution used in SplineReco with the SPE likelihood (left panel) and the MPE
likelihood (right panel).

The current SplineMPE reconstruction only describes the
Cherenkov light distribution of a muon which loses energy
continuously. Figure 4.7 shows the residual time distribution
used in SplineReco, for the SPE and MPE likelihood definitions
respectively. In the derivation of these PDFs from MC simula-
tions, the effect of the PMT jitter is considered by convolving
the PDF with a Gaussian function with a width of 4 ns. Also the
effect of noise and of the ice scattering are taken into account, as
can be seen in Figure 4.7a: the shape of the distributions change
as the distance between track and DOM increases. Figure 4.7b
shows that the PDF of the first of N photons becomes narrower
as N increases. However, the remaining PMT-related effects and
the stochastic energy losses are not taken into account.

4.2.1 Effect of a correct PDF on the angular resolution

One of the IceCube-Gen2 ideal simulationgoals of this work is the development of a precise,
high-quality PDF for muon reconstruction, solving the problems
mentioned above, and improving IceCube’s pointing accuracy.
The potential gains of a correct PDF on the angular resolution
can be studied by performing a simulation that uses the same
hypothesis as in the reconstruction. In this simulation, the pho-
ton arrival time distribution matches exactly the one used for
the spline PDF: the time of each detected photon is drawn from
the PDF used in the reconstruction. This represents an ideal
simulation where the systematic deviations between the simula-
tion and the reconstruction hypothesis are removed. It has been
performed for the planned IceCube-Gen2 detector15

15 A full description of the IceCube-
Gen2 simulations used for this work
can be found in Appendix D.. Besides

using the IceCube-Gen2 geometry, in this simulation DOMs
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with double efficiency are used, in order to simulate the be-
haviour of a next-generation sensor (see Section 3.6). Figure 4.8
shows the distribution of the median angular error as a function
of the muon energy for the ideal and standard IceCube-Gen2
simulations. It shows that a correct description of the expected
arrival time distribution of photons would increase the resolu-
tion by ∼ 40% at 100 TeV and ∼ 45% at 1 PeV demonstrating the
importance of a correct description of the residual time distribu-
tions. However, at high energies a flattening of the curves can
be observed: it hints to some limitation of the reconstruction
that is not coming from the modelling of the ice scattering nor
from PMT jitter or noise.

Figure 4.8: The median angular er-
ror distribution as function of muon
energy for the standard and the
ideal IceCube-Gen2 simulations us-
ing the SplineMPE reconstruction.

The angular resolution of the ideal simulation represents the
lower limit of the IceCube-Gen2 angular resolution, but it shows
also that there is room for improvement. In order to improve
the muon angular reconstruction it is necessary to have a better
description of the photon arrival time probability distributions.
They can be improved in two ways. The first one is to model
PMT-related effects, that are not accounted for in the current
spline PDFs. The second way is to parameterize muon stochastic
energy losses.

4.2.2 Study of limitations from PMT-related effects

A detailed study has been performed to understand the impact
of PMT effects that can limit the time resolution and therefore
the residual time distributions, using the the IceCube-Gen2
ideal simulation. The simulation is always performed twice:
once including the PMT effect under study, the second time
removing it from the detector simulation.

ThePMT noise first studied PMT effect is the noise. The IceCube-Gen2
ideal simulation has been performed without the noise gen-
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(a) (b)

Figure 4.9: Distribution of the median opening angle for the ideal IceCube-Gen2 simulation with and without PMT
noise using the SplineMPE reconstruction. In Figure 4.9a the median opening angle is plotted as function of the cosine
of the muon zenith. The full line is the ideal simulation with noise, the dashed one the simulation without noise.
Different line colors represent different energy bins. Figure 4.9b shows the median angular error of the simulation with
noise (blue line) and without noise (orange line) as function of the energy, integrated over all angles.

erator, to see how much the PMT noise affects the angular
resolution. Figure 4.9 shows the median opening angle as func-
tion of the cosine of the muon zenith (Figure 4.9a), left), and as
function of the muon energy (Figure 4.9b, right) for the ideal
simulation with and without noise. The ideal simulation shows
that the PMT noise has no significant effect on the angular
resolution.

As PMT jitteralready mentioned in Section 4.2, the PMT time measure-
ment varies with the electron transit time spread [63] [63] Abbasi et al., ‘Calibration and

characterization of the IceCube
photomultiplier tube’

, an effect
known as jitter. The SplineMPE reconstruction has been applied
on the ideal simulation varying both the pre-jitter and post-jitter
values from the default ones, 4 ns and 0 ns respectively. Figure
4.10a shows the median angular error as function of the energy
with a pre-jitter time sets to 4 ns (default value), 0 ns, 2 ns
and 10 ns. Both 4 ns and 2 ns seem to be good values for the
pre-jitter. Both 10 ns and 0 ns give a worse resolution, since they
do not fit the hypothesis and underestimate or overestimate the
real jitter value. In Figure 4.20 the default post-jitter of 0 ns has
been changed to 2 ns, keeping fixed the pre-jitter to 4 ns. The
only difference is visible at high energies, where the resolution
becomes worse. Therefore, the reconstruction with a post-jitter
value of 0 ns is preferred.

Another PMT saturationPMT effect that could affect the residual time dis-
tributions is current saturation. The current that a PMT can
supply is limited and as the illumination becomes stronger, its
output departs from depending linearly on the number of pho-
tons detected and approaches a constant. But some of the most
interesting astrophysical neutrino events would be expected
to deposit large amounts of energy within tens of meters of
individual PMTs, and then the PMT response is not expected to
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(a) Pre-jitter (b) Post-jitter

Figure 4.10: Pre- and post-jitter effect on the SplineMPE angular resolution of the IceCube-Gen2 ideal simulation. The
default values are shown with a black line.

be proportional any more. Thus, current saturation is expected
to affect mostly the angular resolution at higher energies, and
could explain the flattening observed in Figure 4.8 above 1 PeV.
To study if this is actually the case, the saturation effect has
been removed from the detector simulator of the ideal simula-
tion and compared with the default case. Figure 4.11 shows the
results: the current saturation does not seem to affect at all the
angular resolution of the SplineMPE reconstruction and thus, it
does not explain the flattening of Figure 4.8.

(a) (b)

Figure 4.11: Effect of the PMT current saturation on the angular resolution of the IceCube-Gen2 ideal simulation using
the SplineMPE reconstruction.

PrepulsesPrepulses are the last PMT effect checked in this study: they
occur when a photon passes through the photocathode without
interaction and directly hits the first dynode [105][105] Lubsandorzhiev et al., ‘Stud-

ies of prepulses and late pulses
in the 8” electron tubes series of
photomultipliers’

. Since the
speed of a photon in the space between the photocatode and
the first dynode is higher than the speed of a photoelectron
created at the photocatode, the electron avalanche created by
this photon will arrive earlier at the anode, thus creating a pre-
pulse. The time interval between prepulses and main pulses
is almost equal to the transit time of the photoelectrons from
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the photocathode to the first dynode, and for the IceCube PMT
it is ≈ 32 ns. The probability for a prepulse to occur is very
low, only 0.003, with a charge ∼ 1/20 the main SPE pulse. How-
ever, the summed effect of many such pulses during a particle
event can have an important effect on timing. In particular, pre-
pulses can modify the PDF used in the reconstruction, with
consequences especially for the MPE likelihood since it uses
the time information of the first measured photoelectron. In the
IceCube-Gen2 detector simulator the prepulses are taken into
account and therefore their effect can be studied. Figure 4.12
compares the resolution of the ideal simulation with simulated
prepulses to the case with no prepulses: for the first time, an
average improvement of ∼ 15% is observed, and the effect of
prepulses appear to be larger at high energies. The same results
is observed for the standard simulation (right panel of Figure
4.12).

Given Parametrization of prepulses in
the likelihood

these expected improvements, the PDF used in SplineMPE
has been modified to include also prepulses16

16 See Appendix A for more details
on prepulses and on their imple-
mentation in the reconstruction.

. The modified re-
construction reproduces the results expected from the IceCube-
Gen2 simulations without prepulses. However, when the new
PDF that parameterizes the prepulses is used to reconstruct
IceCube events, no improvement is observed. This difference is
due to the fact that in the IceCube-Gen2 simulations the DOM
mainboard is not simulated, therefore there is no discriminator
threshold, allowing prepulses to be digitized in the final wave-
form. On the other end, in the IceCube simulations and data
the DOM waveformes are digitized ∼ 20 ns prior to the trigger,
therefore prepulses are not saved.

Figure 4.12: Median opening an-
gle as function of the energy of the
MC muons for the ideal (red lines)
and the standard (blue lines) full-
sky IceCube-Gen2 simulation. The
full lines represent events with sim-
ulated prepulses, the dashed lines
events without simulated prepulses.

None of the PMT effects analyzed in this work and in previ-
ous ones (e.g. late pulses, afterpulses) are a limiting factor for
the reconstruction and the inclusion of these effects seems to
have a negligible impact on the angular resolution. Therefore, a
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Figure 4.13: SegmentedSplineReco reconstruction chain.
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Figure 4.14: Schematic view of
SegmentedSplineReco. The incoming
muon track is reconstructed by the
black line. It follows the energy re-
construction which results in a se-
ries of cascades along the muon
track (yellow stars), separated by a
distance l. The energy information
of each cascade is used to define the
PDF for each DOM.

large contribution must arise from the stochastic energy losses.
In the next section, a new reconstruction that parametrizes
stochastic energy losses in the PDF is presented.

4.3 The SegmentedSplineReco

reconstruction

The SegmentedSplineReco reconstruction has been developed
to include the effect of muon stochastic energy losses. It is a
maximum likelihood reconstruction that builds on SplineReco
(see Section 4.1.2), but that uses a segmented track hypothesis
where a cascade is associated to each segment and measures
the energy loss by the muon in it. These cascades contribute
to the PDF of the photon arrival times together with a con-
stant DOM-dependent noise term and an optional contribution
from an infinite minimum ionizing muon track hypothesis. The
number of photons and their time arrival distributions are ob-
tained from high-dimensional splines fitted to simulations, as
in SplineReco (see Section 4.1.2). The superposition of different
light emitting sources is in contrast to the standard SplineReco
method which uses a purely minimum ionizing track hypothe-
sis. As mentioned in Section 4.1.2, in order to reduce the impact
of this simplified hypothesis, SplineReco additionally employs
several modifications. These include for example the use of
effective photon arrival PDFs from averaged stochastic tracks
or the incorporation of other energy reconstructions and like-
lihood interpolation. These modifications are not necessary in
SegmentedSplineReco since the stochastic losses are now explicitly
modeled.

The Reconstruction stepsreconstruction SegmentedSplineReco performs several
steps which are shown in Figure 4.13 and described in the
following.

1. The seed is twofold: (1) a track and (2) an energy loss
pattern parametrized by electromagnetic cascades located
along the seed track. These first guesses are given by
previous reconstructions, e.g. SplineReco, Millipede (see
Section 4.1.2 and Section 4.1.3). Alternatively an energy
loss pattern can also be determined directly by Segment-
edSplineReco, as will be shown later, in which case only a
seed track is required.

2. The total PDF of the photon arrival time tres at each DOM
position in the detector is given by the contribution of 3
terms: the weighted sum of Ncascades PDFs using each cas-
cade segment as a source of photon emission, a constant
noise contribution, and potentially a minimum ionizing
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Figure 4.15: SegmentedSplineReco
modified probability distribution
function as function of the hit time,
according to Equation 4.21. The
blues lines are the PDFs of each of
the Ncascades cascades: the shades of
blue from lighter to darker show the
distribution of the cascades along
the muon track. Their weighted
sum is given by the solid black
line. The orange line shows the PDF
for a minimum ionizing muon, the
dashed gray line the noise PDF. The
totalPDF is shown by the red curve.

muon if desired:

p(t) =
Ncascades∑︂
k=0

λkpk(tres) + λnoisepnoise + λµpµ(tres) (4.21)

where λj denotes the expected number of photons of
source for each PDF. For the cascades, λk is directly pro-
portional to their energy content Ek and multiplied by the
Relative DOM Efficiency (RDE) factor of each DOM:

λk = RDE · Ek , ∀k ∈ [ 1, Ncascades] . (4.22)

The RDE parameter can be fixed or fitted. The expectation
values λk for the cascades and the muon are obtained from
high-dimensional spline distributions fitted to simulations
[102][102] Whitehorn et al., ‘Penalized

splines for smooth representation
of high-dimensional Monte Carlo
datasets’

. The noise PDF is defined as:

pnoise =
1
∆T

(4.23)

where ∆T = tlast − tfirst is the time window between the first
and last hit for each DOM. pnoise is weighted by the the
amplitude λnoise given by the noise rate of each DOM1717 The default value is set to

850 Hz.
.

Figure 4.15 shows the PDF for all cascades (blue curves)
produced along a muon track as a function of hit time,
their weighted sum (black line) and the infinite muon and
noise PDFs. The total PDF of Equation 4.21 is plotted in
red.

3. The PDF of Equation 4.21 is then used to define the like-
lihood function Equation 4.3, whose logarithm is mini-
mized by varying the track parameters. Three likelihood
functions have been implemented:

a) standard unbinned likelihood equivalent to Equa-
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Figure 4.16: Figure a): a track in a
Cartesian coordinate system (x, y, z).
In this system the direction towards
the track’s origin is described with
the standard spherical coordinates
(ϑ, φ), based on the the detector
geometry. In b) a rotated coordi-
nate system (x′, y′, z′) is presented,
where the x′-axis is defined by the
track. To describe directions that are
close to the track’s direction, rela-
tive coordinates ϑ = ϑ′ − π/2 and
φ = φ′ − π are introduced. They are
approximately the coordinates in
the tangent plane, as shown in c).
Figure taken from [106]

[106] Neunhoffer, ‘Estimating the
angular resolution of tracks in
neutrino telescopes based on a
likelihood analysis’

.

tion 4.11 (SPE likelihood);
b) unbinned likelihood for first hit per DOM as defined

by Equation 4.12 (MPE likelihood);
c) extended unbinned likelihood (ExtSPE likelihood)

LExtSPE =
∏︂
k

e−λkλk
qk

qk !

∏︂
i

[pk(ti)]qi . (4.24)

The index k runs over all DOMs while the index i runs
over all hits for a given DOM k. The charge of a hit i is de-
noted by qi . The PDF pk in each of these likelihoods is the
one obtained in the second step above, from Equation 4.21.

FrameworkThe new reconstruction has been implemented in C++ within
the IceCube software framework IceTray. It includes several
improvements with respect to the previous algorithm: support
for exact gradient and Hessian calculations from the underly-
ing high-dimensional B-splines and the possibility to fit the
energies jointly with the track parameters. Due to the high-
dimensionality (> 100D) of the problem, the simultaneous fit
of the cascades’ energies and of the track parameters is only
feasible if the gradient information is available. However, if the
cascades’ energies and the track are fitted at the same time,
it has been found that such a profile likelihood fit does not
converge to a good solution and performs worse due to fluctua-
tions in the outcome of the inner-loop fit, where the cascades’
energies are fitted. Fixing the energy losses from the beginning
is therefore a key factor in the convergence to a good solution.
Moreover, using the standard setting of fixing the energy losses
and optimizing only the vertex and angular parameters, the
gradient-based optimization is typically a factor of two faster
due to sped-up convergence.

A Parameterizationnew parameterization18

18 This parameterization was al-
ready used for the Paraboloid error
estimation (see Section 4.4), and has
now been applied to the Segmented-
SplineReco framework.

, i.e. the coordinate system where
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Figure 4.17: Cumulative distribu-
tion of the energy losses of a sim-
ulated muon with total energy of
3.4 PeV. The true MC energy losses
are compared to Millipede and Seg-
mentedSplineReco.

the track minimization is performed, has been implemented for
SegmentedSplineReco, called equator parameterization. The seed
track is rotated along the equator of the coordinate system,
defining a new origin. The coordinates near the equator are
locally orthogonal, and the two angles are quasi-euclidean for
small angles but always retain angle meaning (see Figure 4.16).
In this way the angle coordinates are indipendent of the position
on the sphere, making the new parametrization more stable.

BesidesMinimization the minimization algorithm already provided by the
Icetray reconstruction framework (i.e. Simplex and Minuit),
new ones have been implemented for SegmentedSplineReco, i.e.
all the scipy [107]

[107] Virtanen et al., ‘SciPy 1.0:
Fundamental Algorithms for
Scientific Computing in Python’

minimization algorithms. The MIGRAD19

19 MIGRAD is part of the MINUIT
minimization routine [108]
[108] James, ‘MINUIT Function
Minimization and Error Analysis:
Reference Manual Version 94.1’

.

algorithm is the fastest and best performing one and thus used
as default.

Energy losses reconstruction SegmentedSplineReco can also perform an energy loss recon-
struction of the muon. The muon energy loss profile is recon-
structed creating Ncascades cascades 10 m apart from each other.
Each cascade reproduces the energy lost by the muon in the
corresponding segment. The combination of all cascades repro-
duces the relative energy loss profile of the muon, as shown in
Figure 4.17. The energy loss reconstruction follows the same
steps of SegmentedSplineReco, and uses the same likelihood defi-
nitions, although the best performance is given by the extended-
SPE likelihood of Equation 4.24. In Figure 4.17 the energy loss
profile obtained from SegmentedSplineReco is compared with the
one obtained from the Millipede reconstruction and with the
true MC energy losses. Both Millipede and SegmentedSplineReco
reproduces the true energy loss pattern, with the exclusion of a
constant multiplication factor which is not relevant for the final
SegmentedSplineReco reconstruction since the energy losses are
normalized over the total energy. The energy of the Ncascades can
be fitted at the same time as the five track parameters. However,

Figure 4.18: Median angular reso-
lution as a function of MC muon
energy for the SplineReco-optimized
MuonBenchmark dataset. Segment-
edSplineReco seeded with SplineMPE
and the reconstructed cascades (Mil-
lipede and SegmentedSplineReco) is
compared to SegmentedSplineReco
seeded with the MC true track and
cascades. In the latter case, the true
energy losses are calcualated in
steps of 1 m and 10 m. Segment-
edSplineReco is calculated using he
MPE likelihood.
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Figure 4.19: Median angular res-
olution as a function of MC
muon energy for the SplineReco-
optimized MuonBenchmark IceCube
all-sky simulations. The Segmented-
SplineReco reconstruction using the
MPE likelihood with and without
the infinite muonPDF is compared
to SplineMPE using the default set-
tings.The statistical error on the me-
dian is calculated using bootstrap-
ping.

as mentioned before, the minimization is significantly slower
and the results are worse as shown in Figure 4.18. Therefore,
the energy reconstruction is performed as a stand-alone step,
prior to the directional reconstruction. The cascades’ energies
are then fixed and used as a seed in combination with the
track seed for the creation of the PDF in Equation 4.21 (see
Figure 4.4). Figure 4.18 compares the angular resolution of
SegmentedSplineReco when using SegmentedSplineReco, Millipede
or the MC cascades as seed. The best resolution is given by
SegmentedSplineReco when seeded with the MC true cascades
and track, but the finer segmentation length of 1 m does not
improve much the performance. Even if a finer segmentation
means a better description of the energy losses along the muon
track, such a resolution is not resolved by the relatively sparse
instrumentation of IceCube and therefore does not improve the
angular resolution. Therefore 10 m is going to be used as default
value for the cascades’ length, since it represents a trade-off
between resolution and computational speed. Figure 4.18 shows
that SegmentedSplineReco performs better also as seed for the
cascades with respect to Millipede.

PrepulsesIn SegmentedSplineReco there is also the possibility to include
the effect of the prepulses in the PDF20 20 See Appendix A for details on

the implementation.
and to perform the

cleaning of saturated pulses, particularly relevant for the recon-
struction of real time events.

Figure 4.19 Muon PDFshows the effect of including the optional muon
PDF in the MPE likelihood for the SplineReco-optimized events.
As expected, it improves the resolution at the lowest energy,
where the muon is supposed to lose energy continuously. In
this energy range, the muon PDF helps mitigate the possibly
incorrect hypothesis of stochastic energy losses.

So Energy dependent post-jitterfar the new SegmentedSplineReco has been compared only
to SplineReco with default settings, showing improvements at
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Figure 4.20: Energy dependent post-
jitter values used in SplineReco and
SegmentedSplineReco.

all energies. However, when performing a comparison with
SplineReco with max settings, it can be seen that standard Seg-
mentedSplineReco is mostly on par with SplineReco and only
slightly better at the highest energies (see Figure 4.22). For this
reason, some of the modifications of the max settings have been
applied also to SegmentedSplineReco, in order to further improve
its resolution. Among these modifications (see Section 4.1.2 for
their description), the only one that is applicable to Segment-
edSplineReco is the energy-dependent convolution of the time
PDFs of the first hit (post-jitter), which models absolute time de-
tection uncertainty between DOMs. Other modifications do not
make sense for SegmentedSplineReco, like the effective stochastic
loss profile, since they are naturally captured within the explicit
stochastic modelling of SegmentedSplineReco.

Therefore, the energy dependent post-jitter convolution has
also been implemented for SegmentedSplineReco: the likelihood
is convolved with a Gaussian distribution using a fast recur-
sive approximation algorithm2121 This algorithm was already im-

plemented in the existing recon-
struction framework.

implemented by [109]

[109] Getreuer, ‘A Survey of
Gaussian Convolution Algorithms’

. The
likelihood is calculated at several sample points around the
requested time residual. From these sample points, the smeared
likelihood is calculated with adjustable accuracy depending
on sample point density and recursion step count22

22 By default, the algorithm uses 20
sample points equally distributed
over a range of 6 · σLLH with 4 re-
cursion steps [103].

. The val-
ues of σLLH depend on the muon energy which is given by
an energy estimator; they are shown in Figure 4.20 [103]

[103] Schatto, ‘Stacked searches for
high-energy neutrinos from blazars
with IceCube’

. The
post-jitter convolution can also be applied using the same σLLH

for all energies. This is shown in Figure 4.21 which compares
the resolution of SegmentedSplineReco with energy-dependent
post-jitter and with post-jitter times equal for all energies. The
4.5 ns post-jitter convolution is almost as good as the energy-
dependent one, however for consistency with SplineReco the
energy-dependent post-jitter has been chosen as default setting
also for SegmentedSplineReco.

Figure 4.21: Median angular resolu-
tion as a function of MC muon en-
ergy for the SplineReco-optimized Ice-
Cube all-sky simulation. SplineMPE
resolution with default and max set-
tings is compared with Segmented-
SplineReco for fixed post-jitter val-
ues and the energy dependent post-
jitter convolution. The statistical er-
ror on the median is calculated us-
ing bootstrapping.
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Figure 4.22: Median angular resolution as a function of MC muon energy for the three MuonBenchmark IceCube
all-sky simulations: SplineReco-optimized, through-going and starting events. The SegmentedSplineReco reconstruction using
the MPE likelihood with (orange line) and without (blue line) energy-dependent post-jitter convolution is compared to
SplineMPE with default (solid black line) and max settings (dashed black line). The statistical error on the median is
calculated using bootstrapping.

The effect of the energy dependent post-jitter convolution on
the angular resolution of SegmentedSplineReco for all the Muon-
Benchmark datasets is shown in Figure 4.22. The results for
SegmentedSplineReco using the MPE likelihood are compared to
SplineMPE with the default and the max settings, where the en-
ergy dependent post-jitter is only included in the last one, along
with other parameters used to include the effect of stochastic en-
ergy losses in SplineReco (see Figure 4.5). Figure 4.22 shows that
the addition of the energy dependent post-jitter convolution
further improves the angular resolution of SegmentedSplineReco,
especially at higher energies becoming better than SplineMPE
with max settings.

4.3.1 Results

The new reconstruction has been applied to three IceCube all-
sky simulations. The first dataset contains events that pass
quality cuts (so-called NDir/LDir cuts23 23 The exact cuts are LDir ≥ 600 m

and NDir ≥ 8.
[110]

[110] Aartsen et al., ‘All-sky Search
for Time-integrated Neutrino
Emission from Astrophysical
Sources with 7 yr of IceCube Data’

on the number
of hit DOMs and track length) based on SplineReco which to
some extent mimics events that are usually found on the final
analysis selections used in IceCube. In the following of this
thesis, they are referred to as SplineReco-optimized. Events with
large stochastic losses typically obtain low NDir/LDir values
with SplineReco. These events subsequently do not pass the
cuts and should be mostly absent in this selection. The second
dataset (through-going events) is based on a geometrical selection
as well and contains only through-going muon tracks with a
minimal track length of 700 m. The third dataset (Starting events)
is based on a geometrical selection and contains only muon
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Figure 4.23: Median angular resolution as a function of MC muon energy for the three MuonBenchmark IceCube
all-sky simulations: SplineReco-optimized events (left panel), Through-going events (central panel) and Starting events
(right panel). The SegmentedSplineReco reconstruction is compared to SplineMPE. The three different likelihood models
for SegmentedSplineReco are compared: (a) the standard unbinned likelihood (blue line), (b) the extended unbinned
likelihood (green line) and (c) the unbinned likelihood for first hit per DOM (red line). The statistical error on the
median is calculated using bootstrapping.

tracks that start in the detector volume and have a minimal
track length of 400 m.

Figure 4.23 shows the median angular error of Segmented-
SplineReco compared to SplineMPE for all IceCube datasets. The
input hypothesis for SegmentedSplineReco is the reconstructed
track from SplineMPE with default settings, and the initial
guesses for the stochastic losses are defined in 10 m spacing and
fitted once before the actual minimization using the extended-
SPE likelihood. The track optimization is then performed us-
ing fixed cascade energies for the three different likelihood
formulations. All these implementations improve the angular
resolution with respect to SplineMPE. Overall, the MPE likeli-
hood yields consistently the best results. The MPE results also
include the energy-depended post-jitter convolution. For the
SplineReco-optimized events SegmentedSplineReco improves the
angular resolution by 10% at 100 TeV and 20% at 1 PeV. For the
starting events the new reconstruction shows up to factor of 2
improvement in median angular resolution. This is expected
because starting events often have a substantial initial hadronic
shower loss which is not well captured by SplineMPE. The re-
sult indicates that SplineMPE as a seed is not optimal for these
events, and subsequently explains the large spread for the differ-
ent likelihoods of the new reconstruction. The MPE likelihood
can mitigate model discrepancies to some extent, and the seed
from SplineMPE is often so far off from the true direction that
the initial energy fit results in a strongly biased energy loss
model. The results are expected to further improve with itera-
tive energy and subsequent track parameter fitting, in particular
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for the SPE and extended-SPE likelihoods that rely stronger on
a good model description. The similarity of all likelihoods for
through-going tracks indicates that the stochastic modelling in
SegmentedSplineReco improves the overall data description and
narrows the advantage of the MPE likelihood.

4.4 The error estimation of the directional

reconstruction

Besides a good angular resolution in general, it is critically
important to have an accurate estimate of the angular error
for each event. The resolution information helps to identify
mis-reconstructed tracks and it is used as standard deviation
in the spatial PDF entering in the point source likelihood (see
Chapter 7). It is also required for real-time neutrino alerts that
are sent out to the astronomical community [111]

[111] Ayala Solares et al., ‘The
Astrophysical Multimessenger
Observatory Network (AMON):
Performance and science program’.

Since Old method: Paraboloidthe direction of the muon track is reconstructed using a
maximum likelihood method, the 1-σ error on the direction can
be estimated by scanning the likelihood space around the best
fit direction. The shape of the likelihood around its minimum
tells how accurate is the resulting track: a narrow and well
defied minimum indicates a good resolution, while a broad
surrounding would point to a bad reconstruction. The error
estimate is performed by the Paraboloid fit [106] [106] Neunhoffer, ‘Estimating the

angular resolution of tracks in
neutrino telescopes based on a
likelihood analysis’

. It calculates
the 1-σ error of the track position via a 2D profile likelihood
scan around the best fit direction in the two space angles. The
parameters of interest in the fit are azimuth θ and zenith ϕ,
while x, y and z are considered nuisance parameters. First,
Paraboloid rotates the track at the equator, where the azimuth
and zenith can be treated quasi-euclidean (see Figure 4.16).
Then, it creates a grid of (θi, ϕi) points around the minimum,

Figure 4.24: Standard paraboloid
angular error estimation applied
to SegmentedSplineReco (MPE likeli-
hood) using the SplineReco-optimized
dataset.
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and for each point on the grid the best log-likelihood li = −Li

is found with respect to the x, y, z. In the ideal Gaussian case,
these points li(θi, ϕi) form a paraboloid whose parameters are
found through a Least-Square fit. Thus, the 1 − σ contour is an
ellipse. The final error estimator, known as Paraboloid sigma σΨ,
is defined as:

σΨ =

√︄
e2

1 + e2
2

2
, (4.25)

where e1 and e2 are the axes of the ellipse. This is the prevailing
standard method (hereafter Old method) used with the SplineReco
reconstruction and it was applied to SegmentedSplineReco as well.
Results applied to the SegmentedSplineReco using the SplineReco-
optimized dataset are shown in Figure 4.24, where the pull
(∆Ψ/σΨ), defined as the angular difference divided by the esti-
mated angular difference, is plotted as a function of the muon
energy proxy. However, the running time is typically 10 times
longer than the reconstruction time and it has a ∼ 1% failure
rate. Therefore, two new alternative methods have been studied
to overcome these limitations.

TheMethod 1: MCMC sampling +
6D Paraboloid

first new approach (Method 1) samples the 6D minimum
of track parameters (in x, y, z, ϕ1, ϕ2, t) after optimization
with a MCMC (Markov Chain Monte Carlo) sampler. An affine-
invariant particle-based sampler [112][112] Foreman-Mackey et al.,

‘emcee: The MCMC Hammer’
is used for a few thousand

steps. In order to decrease the burn-in phase, the sampler is
seeded with the covariance structure at the optimum, which
is obtained from a previous Hessian evaluation. The sample
points in 6D are then fitted again with a paraboloid shape. As a
comparison, the Old method [106][106] Neunhoffer, ‘Estimating the

angular resolution of tracks in
neutrino telescopes based on a
likelihood analysis’

performs the Paraboloid fit us-
ing profile likelihood evaluations in the two angular dimensions.
The paraboloid can be used to define a Gaussian approxima-
tion to the optimum of the log-likelihood function. Afterwards
all parameters except the two angles are integrated out. If the
optimum is non-Gaussian, a discrepancy is observed between
the MCMC samples and the Paraboloid fit. This discrepancy can
be used as indicator of non-Gaussianity and in this case only
the MCMC samples could be used if desired.

InMethod 2: Hessian Method the second approach (Method 2) the Hessian is calculated
and inverted to obtain the covariance matrix at the minimum.
As already mentioned, in most cases the optimum is fairly
well described by a Gaussian and hence this method saves a
significant amount of computing time. In particular, the full
covariance matrix with respect to the six track parameters and
energy parameters of all individual energy losses can be calcu-
lated in this way. Computationally, this full covariance matrix
calculation has nearly no overhead, but it broadens the final un-
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Figure 4.25: MCMC error estima-
tion output for one event. The dis-
tribution of the MCMC sample as a
function of azimuth and zenith and
the best fit points for Method 1 and
Method 2 are shown.

certainty contours over the two angular dimensions due to the
extra marginalization over the energy dimensions. Figure 4.25
shows the distribution of the MCMC sample (2D projection)
as a function of azimuth and zenith and the ellipses obtained
using Method 1 and Method 2.

Figure 4.26 shows the median pull for the three types of
events. It compares the angular uncertainty per event deter-
mined with the two new methods and the standard Paraboloid
fit for the SplineReco-optimized events. The new methods show
flat behaviour with respect to the muon energy, except potential
small deviations towards the highest energies. The standard
Paraboloid fit shows stronger energy dependence, in particular
for the current reconstruction. Even with the new methods the
uncertainty σΨ is still underestimated. This is expected since a
fixed energy loss spacing might not perfectly describe the true
loss distribution and the individual energies are fixed. Further-
more, the new methods fail less often. Failure in these cases
means that the final covariance matrix is not positive definite,
indicating the optimizer did not end up at a well-defined lo-
cal minimum. In these cases it is still possible to resort to the
MCMC samples if Method 1 is being used. For the through-going
and starting events the pull distribution is calculated using the
SegmentedSplineReco track with and without the convolution
with the energy-dependent post-jitter.
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Figure 4.26: Comparison of different angular error estimators for the SegmentedSplineReco reconstruction with likelihood
model (c) of the three MuonBenchamark datasets. The median of the pull (∆Ψ/σΨ) is shown as a function of the MC
muon energy. The statistical error on the median is calculated using bootstrapping. ∆Ψ is obtained by convolution
with the energy dependent post-jitter, while σΨ is calculated without it.
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In 2017 IceCube has found compelling evidence for a blazar
being a source of high-energy neutrinos [2, 3]

[2] Aartsen et al., ‘Neutrino
emission from the direction of the
blazar TXS 0506+056 prior to the
IceCube-170922A alert’
[3] Aartsen et al., ‘Multimessenger
observations of a flaring blazar
coincident with high-energy
neutrino IceCube-170922A’

. However, the
sources responsible for the emission of the majority of the
detected neutrinos are still unknown. AGN are considered
promising potential sites for high-energy neutrino production
as they are among the most powerful emitters of radiation in
the known Universe. They can accelerate protons up to the
observed maximum energies of ∼ 1020 − 1021 eV and are sur-
rounded by high-intensity radiation fields where photo-nuclear
reactions with subsequent neutrino production can occur. The
most popular scenario for neutrino production is in relativistic
jets, as these jets dominate the gamma-ray sky. However, it has
been shown that gamma-ray blazars can only be responsible
for a small fraction of the observed neutrino flux [113] [113] Aartsen et al., ‘The contri-

bution of Fermi-2LAC Blazars to
diffuse TeV–PeV neutrino flux’

. Alterna-
tively, sites of hadronic acceleration must avoid over-producing
detectable gamma-ray emission, and in this contest obscured
sources are favoured [114] [114] Murase et al., ‘Hidden

Cosmic-Ray Accelerators as an Ori-
gin of TeV-PeV Cosmic Neutrinos’

. High-energy neutrino emission from
the cores of AGN would satisfy this constraint with both the pp
[115]

[115] Becker Tjus et al., ‘High-
energy neutrinos from radio
galaxies’

and pγ [116, 117]

[116] Stecker et al., ‘High-energy
neutrinos from active galactic
nuclei’
[117] Kalashev et al., ‘Neutrinos in
IceCube from active galactic nuclei’

scenarios.
In this thesis we explore the possibility that the high-energy

neutrinos are produced in the accretion disk that surrounds
the SMBH at the heart of an AGN. This chapter presents an
overview of the physics of AGN and of accretion, introducing
the properties of the sources that will be tested in the next
chapters.

5.1 Active Galactic Nuclei

AGN are energetic astrophysical sources powered by accretion
of interstellar gas onto SMBHs in galaxies, and present unique
observational signatures that cover the full electromagnetic spec-
trum over more than twenty orders of magnitude in frequency
(see Figure 6.1).

Figure 5.1 AGN structureshows a schematic representation of a typical AGN
structure. Most AGN include the following components, based
on the unified model of AGN [118–120]

[118] Netzer, ‘Revisiting the Unified
Model of Active Galactic Nuclei’
[119] Antonucci, ‘Unified Models
for Active Galactic Nuclei and
Quasars’
[120] Urry et al., ‘Unified Schemes
for Radio-Loud Active Galactic
Nuclei’

.

• A central SMBH, with mass ranging from ∼ 106 to ∼ 109

Solar masses M⊙. Gas accreting onto the BH releases a
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Figure 5.1: Schematic representa-
tion of the AGN physical model.
The basic constituents are the cen-
tral BH with a surrounding accre-
tion disk, the jet perpendicular to
the disk and the torus encircling
this configuration. The horizontal
axis shows the radial distance from
the center of the AGN, while the
vertical axis z is the distance perpen-
dicular to the accretion disk plane,
in the direction of the jet. Adapted
from [121]

[121] Hickox et al., ‘Obscured
Active Galactic Nuclei’

.

large amount of gravitational potential energy given by:

LAGN = εṀc2, (5.1)

where ε is the efficiency and Ṁ the accretion rate. Typi-
cally, LAGN ≥ 10−5LEdd, where LEdd = 1.5 × 1038MBH/M⊙

erg s−1 is the Eddington luminosity2525 The Eddington luminosity is de-
fined as the maximum luminosity
a body can achieve when there is
balance between the force of radia-
tion acting outward and the gravi-
tational force acting inward.

for a solar composi-
tion gas.

• A subparsec-rotation-dominated accretion flow that is
usually referred to as an accretion disk.

• A hot layer of gas above the optically thick part of the
accretion disk, called corona. The hot material can inverse-
Compton scatter photons up to X-ray energies.

• High-density, dust-free gas clouds moving at roughly
Keplerian velocities at a luminosity-dependent distance
of 0.001-1 pc from the BH, known as Broad-Line Region
(BRL).

• An axisymmetric, geometrically and optically thick struc-
ture containing dust and molecular gas called torus, with
luminosity-dependent dimensions of 0.1-10 pc. The torus
is expected to be within the gravitational influence of the
SMBH and can be considered to be the cool outer regions
of the accretion disk where molecules and dust grains
can form. Because of its anisotropic nature, the dust and
gas of the torus can obscure some lines of sight and some
emission from the accretion disk [121].

• A Narrow-Line Region (NRL) characterized by lower-
velocity ionized gas, extending from outside the torus up



5.2 AGN accretion disks 71

to ≈ 10 kpc [122–124] [122] Liu et al., ‘Observations of
feedback from radio-quiet quasars
– I. Extents and morphologies of
ionized gas nebulae’
[123] Hainline et al., ‘SALT Long-
slit Spectroscopy of Luminous
Obscured Quasars: An Upper Limit
on the Size of the Narrow-line
Region?’
[124] Hainline et al., ‘Gemini
Long-slit Observations of Lumi-
nous Obscured Quasars: Further
Evidence for an Upper Limit on the
Size of the Narrow-line Region’

along the direction of the opening
of the torus (ionization cones). Because of its extent, NRL
emission is generally not obscured by the torus, although
a large fraction of the emission could be obscured by dust
in the host galaxy [121].

• A central radio jet often associated with gamma-ray emis-
sion, perpendicular to the disk.

5.2 AGN accretion disks

AGN accretion disks are classified according to their shape into
thin, slim and thick disks. Each one of these can be optically thin
or thick, depending on the column density (or surface density)
and the level of ionization of the gas. In general, the structure
of an accretion flow is determined by the balance between grav-
itational heating and radiative cooling. Its structure therefore
depends on which processes are assumed to be dominating. In
this section the two main AGN disks relevant for this thesis are
discussed: the optically thick, geometrically thin accretion disk,
also called the standard or Shakura-Sunyaev accretion disk, and
the radiatively inefficient accretion disk.

5.2.1 Standard accretion disk

Figure 5.2: A sketch of a standard
accretion disk.

The standard accretion disk model (see Figure 5.2) has been
developed by Shakura and Sunyaev [125] [125] Shakura et al., ‘Black holes

in binary systems. Observational
appearance.’

to describe the X-ray
emission of binary star systems. According to this model, the
disk is flat (geometrically thin: H ≪ r; H the half thickness of
the disk, r the radial distance) and opaque (optically thick in
vertical direction). It can be seen as a series of rings, with radius
between rin and rout. The motion of a particle in each ring is
coupled to the motion of gas particles just outside and just
inside its location through some kind of friction or viscosity. As
a consequence of viscous interactions between adjacent layers
in the disk, angular momentum is transferred outwards, while
mass falls (accretes) inwards. Gravitational potential energy is
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thus converted into heat that is released locally in the form of
a thermal black body spectrum Bν(Teff[ r] ), with energy flux
per unit surface area of F(r) = πBν(Teff[ r] )dν = σT4

eff(r) and
characteristic effective temperature:

Teff(r) =
[︃
3GM Ṁ
8πσr3

(︃
1 −

√︃
rin

r

)︃]︃1/4

. (5.2)

Far from the inner edge, r ≫ rin, the temperature approximately
obeys Teff(r) ∝ r−3/4. As gravity is stronger on smaller scales, the
disk surface is hotter in the inner region. Moreover, at a fixed
radius temperature decreases as M−1/4, that is disks around
more massive BHs are cooler.

Figure 5.3: Standard accretion disk
spectrum for an AGN. The units
along the y-axis are arbitrary.

TheSpectrum disk spectrum may therefore be thought as a sum of black
bodies, each produced by a particular ring with its own charac-
teristic temperature (see Figure 5.3). As such, the low-frequency
portion is dominated by the lowest-temperature ring (typically
the outer one), and is characterized by the Rayleigh-Jeans law
(∝ ν2). At the highest energies, the disk spectrum is dominated
by the hottest ring, usually near the inner edge, and falls off
according to the Wien law for that particular temperature. In
between, the spectrum is a sum of Planck functions, each at
progressively higher frequency as the temperature increases
from the outer to the inner rings, and is characterized by a
relatively flat shape going as ∼ ν1/3. The total spectrum of the
disk is obtained by integrating Bν(Teff[ r] ):

Lν = 2π cos θ
∫ rout

rin

2Bν(r)(Teff[ r] ) · 2πrdr , (5.3)

where the first factor of 2π is caused by the integration over half
of the space (the part of the radiation that escapes outwards
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Figure 5.4: Standard disk geometry
parameters. The inner boundary rin
of the disk is assumed to be the lo-
cation of the innermost stable orbit.
The outer boundary rout is the self-
gravity radius of the disk beyond
which it breaks into self-gravitating
blobs. Adapted from [126].

from the surface), while the second factor 2π is caused by inte-
gration over the disk. The factor of 2 in the integral originates
from the fact that the disk has two sides. θ is the inclination of
the disk, i.e. the angle between the line of sight and the normal
vector to the surface. For characteristic AGN parameters, the
emission from the inner part is maximized at a frequency:

νmax =
2.82kTeff

h
≃ 5.9 × 1015

(︃
Teff [K]

105

)︃
Hz (5.4)

leading to the characteristic big blue bump feature, i.e. a signif-
icant optical/UV disk contribution to the observed Spectral
Energy Distribution (SED).

The Geometryinner radius rin of the disk is given by the innermost
marginally stable circular orbit rms. Beyond this point space-
time gets so strongly curved that stable orbits no longer exist
and a particle unavoidably falls into the black hole. The half-
hight H of the disk is regulated by the pressure in the disk,
p, which supports the gas against the vertical component of
gravity. The vertical balance reads:

H
r
=

cs
𝑣K

, (5.5)

where c2
s ≡ p/ρ is the speed of sound in the disk, ρ the disk

density and 𝑣K the Keplerian velocity of the BH. Thus, the
condition on the thinness of the disk can be translated into
cs ≪ 𝑣K . The outer radius of the disk can be obtained, following
[126] [126] Netzer, The Physics and

Evolution of Active Galactic Nuclei
, as the point where the vertical component of the self-

gravity overcomes the vertical component of the central BH
gravity:

rout = 0.01
√︃
α

0.02
pc. (5.6)

α is a coefficient introduced by Shakura and Sunyaev [125] [125] Shakura et al., ‘Black holes
in binary systems. Observational
appearance.’

to
parametrize the viscosity v (in cm2 s−1) of the disk:

v ≡ αcsH = α
c2
s

ΩK
, (5.7)

where cs is the speed of sound in the disk gas, H the half-height
of the disk and Ω2

K = GM/r3 is the Keplerian angular velocity.
At distances r > rout from the center we expect the disk to
break into small fragments since here the vertical component of
the self-gravity exceeds that of the BH gravitational field (see
Figure 5.4).

Among the sources that have been successfully modelled as
thin disk, there are the very luminous AGN like radio galaxies,
relevant for this thesis.
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5.2.2 Radiatively inefficient accretion flows (RIAF)

Figure 5.5: A sketch of a radiatively
inefficient accretion disk. It is sim-
ilar to the standard disk far from
the BH. The very low accretion rate
results in low densities and ineffi-
cient cooling in the inner parts. The
gas in these regions cannot radiate
away the released gravitational en-
ergy. Therefore, it heats to very high
temperatures, resulting in a signifi-
cant increase of the disk thickness.

In astrophysical accretion flows, gravitational potential en-
ergy is converted to kinetic and thermal energy of the accreting
gas. If the thermal energy is efficiently radiated away through
viscosity, the orbiting gas becomes much cooler than the local
virial temperature [127][127] Narayan et al., ‘Advection-

dominated accretion: A self-similar
solution’

. This is what happens in the standard
disk, which is an example of a cooling-dominated flow, a high-
density gas in which the cooling time is much smaller than the
inflow time [126][126] Netzer, The Physics and

Evolution of Active Galactic Nuclei
.

However, an accretion disk with a low accretion rate can have
densities so small that the cooling time scale becomes larger
than the inflow time. This happens in a RIAF∗, which forms as
cooling becomes negligible with respect to heating and most
of the energy is stored within the flow and advected into the
SMBH with accretion [128][128] Yuan et al., ‘Hot Accretion

Flows Around Black Holes’
. Therefore, while the disk locally

undergoes advective cooling, the flow itself becomes very hot
[129][129] Rieger, ‘Non-thermal

Processes in Black-Hole-Jet Magne-
tospheres’

.
The classical RIAF prototype is the two-temperature, optically-

thin Advection-Dominated Accretion Flow (ADAF) model [127],
[130][130] Narayan et al., Advection-

Dominated Accretion around Black
Holes

. The viscous heating affects mainly the ions, while the
radiation is produced primarily by the electrons which are re-
sponsible for cooling26

26 The cooling of the high-energy
particles, mostly electrons, is pro-
portional to N2

e , where Ne is the
electron density.

[131]

[131] Rees et al., ‘Ion-supported tori
and the origin of radio jets’

. If the densities are sufficiently low,
the ions transfer only a small fraction of their energy to the
electrons via Coulomb scattering, thus the radiative efficiency
of an ADAF is much less than the total energy released during
accretion. The result is that the ion temperature becomes al-
most virial (T ∼ 1012 K) which causes the flow to have a nearly
spherical morphology (see Figure 5.5) [132][132] Véron-Cetty et al., ‘The

emission line spectrum of active
galactic nuclei and the unifying
scheme’

.
ADAF are characterized by a geometrically thick disk with

H/r ∼ 1 at every radius, by very high temperatures (Te ∼ 5 ×

109 K for electrons) and viscosity parameters α ∼ 0.2 − 0.3. They

∗ Radiative efficiency is defined as the efficiency in converting rest mass energy
in electromagnetic radiation, considering the work done to attract a mass
from ∞ to the innermost circle in the accretion disk on which a stable orbit
is possible.
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Figure 5.6: ADAF accretion disk
spectrum for a 109M⊙ BH lumi-
nosity for different normalized ac-
cretion rates ṁ = Ṁ/ṀEdd. For
ṁ < 10−3, the components are vis-
ibile: the electron synchrotron in
the radio regime, the synchrotron
self Compton up to ∼ 100 keV and
the Bremsstrahlung component in
the X-ray regime. For higher accre-
tion rates the Compton efficiency
increases and the Compton peak
widens into a power law. Adapted
from [130]

[130] Narayan et al., Advection-
Dominated Accretion around Black
Holes

.

can exist only for accretion rates smaller than:

Ṁ ∼ α2ṀEdd (5.8)

where ṀEdd is the Eddington accretion rate. Their total radiative
luminosity is generally smaller than that of a standard disk
(Lstandard ∝ Ṁ) since it is given by [129] [129] Rieger, ‘Non-thermal

Processes in Black-Hole-Jet Magne-
tospheres’

:

LADAF ∼
2 × 10−2

α2

(︃
Ṁ

ṀEdd

)︃
Ṁc2 ∝ Ṁ2. (5.9)

The typical SED of an ADAF disk is shown in Figure 5.6. It
ranges from radio frequencies, where the dominant process is
given by synchrotron emission of relativistic thermal electrons,
up to hard X-ray frequencies, dominated by the bremsstrahlung
emission. This latter is due to electron-electron and ion-electron
interactions and peaks at ∼ hν = kBTe energies. The synchrotron
photons are also up-scattered by the relativistic thermal elec-
trons of the disk via inverse Compton effect. This results in a
hard power law tail extending up to ∼ kBTe ∼ (100 − 500) keV.
Compton scattering becomes less important with decreasing
accretion rate, since it corresponds to higher electron temper-
ature. Therefore, Compton scattering becomes inefficient and
individual Compton peaks start to appear in the spectrum for
low accretion rates, as shown in Figure 5.6 [131] [131] Rees et al., ‘Ion-supported tori

and the origin of radio jets’
.

5.3 AGN classification

The AGN present a rich phenomenology and have historically
been called in different ways depending on how the objects were
discovered or initially classified, rather than on real physical
differences. The result is a complex AGN “zoo” [133]

[133] Padovani et al., ‘Active
galactic nuclei: what’s in a name?’.
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Figure 5.7: Optical image of the
Seyfert galaxy NGC 1068 (also
known as M77), obtained with
the Very Large Telescope (VLT).
This spiral galaxy, located at a
distance of ∼ 15 Mpc from us,
is the prototype of a Type 2
Seyfert galaxy. Its active nucleus
is seen as the intense, high sur-
face brightness center. It is powered
by accretion onto a ∼ 15 × 106M⊙

central SMBH. Credit: ESO. Pic-
ture from: https://www.eso.org/
public/images/eso1720a/.

ThereClassification criteria are three main criteria used to classify AGN [8]

[8] Spurio, Probes of Multimessenger
Astrophysics: Charged cosmic rays,
neutrinos, γ-rays and gravitational
waves

:

1. the emission of the source at radio wavelengths, leading
to a division into radio loud and radio quiet objects;

2. the optical luminosity of the object, which allows to sub-
divide the radio loud AGN into low-luminosity and high-
luminosity and the radio weak AGN into optically strong
and optically weak sources;

3. the orientation of the AGN toward the observer.

AGNRadiation processes can also be classified on the base of the emitted radia-
tion in radiative-mode AGN and jet-mode AGN [134]

[134] Heckman et al., ‘The Coevolu-
tion of Galaxies and Supermassive
Black Holes: Insights from Surveys
of the Contemporary Universe’

.

Radiative-mode AGN are energetically dominated by thermal
radiation. This radiation originates from in-falling matter
strongly heated in the inner parts of the accretion disk
close to the BH. They are characterized by high accretion
rates with LAGN/LEdd ≥ 0.01 [118]. For this reason they
are also known as disk dominated AGN. In literature, AGN
in this group are referred to as Seyfert galaxies or Quasi-
Stellar Objects (QSOs) (also called quasars), and about
10% of them are radio-loud, showing a highly collimated,
relativistic radio jet and/or a gamma-ray jet.

Jet-mode AGN are characterized by non-thermal radiation that
encompasses the entire electromagnetic spectrum, from
the radio to the gamma rays. This radiation is emitted in a
magnetic field by highly energetic particles that have been
accelerated in a jet of material ejected from the nucleus
at relativistic speed [8]. Their typical Eddington ratio is
much smaller than radiative-mode AGN and the jets are
most likely powered via a RIAF.Among the members of
this group we find low-luminosity radio galaxies (LLAGN)
[118], relevant for this thesis.

Based on theViewing angle viewing angle, we can distinguish between Type 1
(Seyfert 1 galaxies and Broad-Line Radio Galaxies (BLRGs)) and
Type 2 AGN (Seyfert 2 galaxies and Narrow-Line Radio Galaxies
(NLRGs)) [118][118] Netzer, ‘Revisiting the Unified

Model of Active Galactic Nuclei’
. In the first case the central engine is viewed

without obscuration, while in the latter there is obscuration
of the luminous nucleus by the dusty torus. The difference
between Seyfert 1 (and BLRG) and Seyfert 2 (and NLRG) is
therefore merely a matter of orientation relative to the line-of-
sight. If an AGN is seen exactly along the jet axis, it is classified
as a Blazar. Therefore, whether a radio-loud AGN is a blazar or
a radio galaxy depends on the alignment of the relativistic jet
with the line of sight. In the following, a review of the types of
AGN relevant for this thesis is given.

https://www.eso.org/public/images/eso1720a/
https://www.eso.org/public/images/eso1720a/
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Figure 5.8: Colour composite im-
age of the radio galaxy Centaurus
A (NGC 5128), revealing the lobes
and jets emanating from the active
galaxy’s central BH. This is a com-
posite of images combining opti-
cal data from the Wide Field Im-
ager (WFI) on the MPG/ESO 2.2
m telescope located at La Silla, the
sub-millimetre data from the APEX
telescope in Chile (LABOCA) and
the X-ray data from the Chandra
observatory. Credit: ESO/WFI (Op-
tical); MPIfR/ESO/APEX/A.Weiss
et al. (Sub-millimetre); NASA/CX-
C/CfA/R.Kraft et al. (X-ray). Pic-
ture from: https://www.eso.org/
public/images/eso0903a/.

5.3.1 Seyfert galaxies

Seyfert galaxies are the disk-dominated, radio-quite AGN [135] [135] Seyfert, ‘Nuclear Emission in
Spiral Nebulae.’

.
On optical images they are identified as spiral galaxies with
an extraordinarily bright core (see Figure 5.7). Their spectrum
shows strong emission lines which are broader than typical ve-
locities in galaxies. Based on the emission lines, Seyfert galaxies
are classified in Type 1 and Type 2: in the first case, galaxies have
both very broad and narrow emission lines. Seyfert 2 galaxies
only have narrow lines [38] [38] Schneider, Extragalactic Astron-

omy and Cosmology
(see Section 5.3).

5.3.2 Radio galaxies

Radio galaxies are elliptical galaxies with an active nucleus.
They are radio loud with jets pointing at large or intermedi-
ate (∼ 15◦ – 40◦) angles with respect to our line of sight (see
Figure 5.8). Similarly to Seyfert galaxies, there is a distinction
depending on the appearance of broad emission lines: BLRGs
and NLRGs, respectively. They can be considered as radio-loud
Seyfert 1 and Seyfert 2 galaxies. Radio galaxies can also be clas-
sified based on their radio morphology in Fanaroff-Riley Type
I (FR I) and Fanaroff-Riley II (FR II) radio galaxies [136]

[136] Fanaroff et al., ‘The morphol-
ogy of extragalactic radio sources
of high and low luminosity’

. The
FR I class is core-dominated, since the brightest radio emission
occurs near the position of the center of the galaxy and the
surface brightness decreases outwards. In contrast, the surface
brightness of the FR II sources increases outwards along the
jet, and their luminosity is in general higher than that of FR I
sources, therefore FR II radio galaxies are lobe-dominated.

5.3.3 Blazars

Blazars are jet dominated, optically variable AGN with a con-
tinuous radio spectrum. Their jets are aligned to our line of
sight (≲ 15◦), thus their emission is modified by relativistic
effects. Blazars are classified into Flat Spectrum Radio Quasars
(FSRQs) and BL Lacs, based on the presence or absence of broad
emission lines in their optical spectrum, respectively. In case the
optical spectra have no sufficient quality to determine the pres-
ence of broad emission lines, we talk about blazars of unknown
type.

5.3.4 Low Luminosity AGN

LLAGN are characterized by low luminosity and very low, sub-
Eddington accretion rates Ṁ < 0.01ṀEdd [137] [137] Ho, ‘Nuclear Activity in

Nearby Galaxies’
. They differ from

luminous AGN also for their central engine: since the SMBHs
are accreting at low rates, the low-density material is optically

https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
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thin and cannot cool efficiently and thus they are in the RIAF
mode [127, 138][127] Narayan et al., ‘Advection-

dominated accretion: A self-similar
solution’
[138] Ichimaru, ‘Bimodal behavior
of accretion disks: theory and appli-
cation to Cygnus X-1 transitions.’

(see Section 5.2.2). Support for the RIAF disk in
the LLAGN sources is given by the observed low luminosities,
the absence of the big blue bump and the preponderance of
intrinsically hard X-ray spectra [137].

Their central structure has three main components (see Figure
5.5) [137][137] Ho, ‘Nuclear Activity in

Nearby Galaxies’
(see Figure 5.5): close to the SMBH the accretion ex-

tends into a hot, quasi-spherical RIAF region. After a transition
radius Rtr ≈ 100 − 1000RS where RS is the Schwarzschild radius,
it follows a truncated optically thick, geometrically thin disk.
The third component is given by bipolar outflows, perpendic-
ular to the disk plane, produced by the high thermal energy
content of the hot gas in the RIAF region. They can develop into
powerful relativistic jets, which have been observed in radio
observations [139, 140]

[139] Nagar et al., ‘Radio Sources
in Low-Luminosity Active Galactic
Nuclei. I. VLA Detections of
Compact, Flat-Spectrum Cores’
[140] Nagar et al., ‘Radio sources in
low-luminosity active galactic nu-
clei. IV. Radio luminosity function,
importance of jet power, and radio
properties of the complete Palomar
sample’

, provided that enough magnetic flux
accumulates near the event horizon and the black hole spin
is at leat moderate [141–143][141] Tchekhovskoy, Launching of

Active Galactic Nuclei Jets
[142] Nemmen et al., ‘Models for jet
power in elliptical galaxies: a case
for rapidly spinning black holes’
[143] Sikora et al., ‘Magnetic Flux
Paradigm for Radio Loudness for
Active Galactic Nuclei’

. This three-component structure
has been observed in a large number of LLAGN, including
NGC4258 (M106) shown in Figure 1.1 [144, 145]

[144] Lasota et al., ‘Is the Accretion
Flow in NGC 4258 Advection
Dominated?’
[145] Gammie et al., ‘What Is the
Accretion Rate in NGC 4258?’

.

5.4 Neutrinos from AGN cores

The cores of AGN are among the prime candidate sources
for cosmic neutrinos observed by IceCube. In the vicinity of
a SMBH, high energy neutrinos are produced by pp and pγ
interactions (see Equation 2.2 and Equation 2.3, respectively). In
this thesis, we are going to test whether neutrinos are produced
in the core of luminous AGN with a Shakura-Sunyaev accretion
disk and in the core of LLAGN with a RIAF. Since gamma rays
should not escape because of the large optical depths for pair
production, both models should be regarded as gamma-ray
opaque neutrino source models [146][146] Kimura et al., ‘Neutrino

and Cosmic-ray Emission and
Cumulative background from
Radiatively Inefficient Accretion
Flows in Low-Luminosity Active
Galactic Nuclei’

.

5.4.1 Neutrinos from AGN with Shakura-Sunyaev
accretion disk

As explained in Section 5.2.1, luminous AGN generally have
a geometrically thin, optically thick disk, described by the
Shakura-Sunyaev model [125][125] Shakura et al., ‘Black holes

in binary systems. Observational
appearance.’

. The disk is hot and emits ther-
mal radiation producing a prominent feature in the observed
AGN spectra at ∼ 10 eV, usually referred as the big blue bump or
UV bump. Protons accelerated in the vicinity of the SMBH hori-
zon can interact with the blue bump photons via the pγ → nπ+

reaction, generating high-energy neutrinos.
The models considered in this thesis are from Stecker et al.

(2013) [150]

[150] Stecker, ‘PeV neutrinos
observed by IceCube from cores of
active galactic nuclei’

and Kalashev et at. (2015) [117]
[117] Kalashev et al., ‘Neutrinos in
IceCube from active galactic nuclei’ . Figure 5.9 compares
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Figure 5.9: Diffuse neutrino flux ac-
cording to the model of Stecker et
al. and Kalashev et al. The latter as-
sumes a maximum proton energy of
30 PeV, a disk temperature of 120 eV
and a BH mass of 109M⊙ . The Ice-
Cube HESE 6 years dataset from
[147] and the diffuse flux from [148]
and [149] are shown for compari-
son.

these models with the IceCube neutrino diffuse flux [148, 149]

[148] Aartsen et al., ‘A combined
maximum-likelihood analysis of
the high-energy astrophysical
neutrino flux measured with
IceCube’
[149] Stettner, Measurement of the
Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

and 6 years of HESE data [147] [147] Kopper, ‘Observation of
Astrophysical Neutrinos in Six
Years of IceCube Data’

. According to Stecker et al.,
the dominant process for neutrino production in the cores of
luminous AGN are pγ interactions. This is demonstrated by
the lack of strong X-ray absorption features in AGN spectra,
that implies that the secondary X-rays are produced in regions
of low column density, setting a limit to the amount of gas
target for pp interactions. In the Shakura-Sunyaev accretion
disk, the X-ray emission is similar in luminosity to that of the
UV bump, but shows more variability indicating that the X-rays
are produced in a smaller region (the corona). The X-ray flux
is explained as the end result of an electromagnetic cascade
of secondaries from the proton energy-loss process. Stecker
et al. derives the diffuse neutrino flux under the assumption
that the neutrino luminosity can be approximated by the X-ray
luminosity. The same assumption is going to be made in this
thesis.

Kalashev et at. assume that protons are accelerated by electric
fields in a close vicinity of the BH horizon, resulting in a power-
law spectrum E−2 [117] [117] Kalashev et al., ‘Neutrinos in

IceCube from active galactic nuclei’
. The produced neutrino flux depends

on the assumed maximum proton energy Ep, max and on the
disk temperature Tdisk. Figure 5.10 shows the diffuse neutrino
flux for different values of the disk temperature, for a BH
mass 108M⊙ and maximum proton energy Ep, max = 100 PeV.
Higher temperatures of the disk fit better the IceCube data. The
spectrum of neutrinos for Tdisk = 15 eV is peaked at 1–3 PeV and
may be responsible for the high-energy part of the IceCube data,
while the spectrum at Tdisk = 100 eV can explain the IceCube
data for the whole energy range E > 100 TeV.
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Figure 5.10: Diffuse neutrino flux
according to the model of Kalashev
et al. for different disk temperatures.
Protons are injected from a power-
law E−2 and assuming a maximum
proton energy of 100 PeV and a BH
mass of 109M⊙ . The IceCube HESE
6 years dataset from [147] and the
diffuse flux from [148] and [149] are
shown for comparison.

5.4.2 Neutrinos from LLAGN with RIAF

As explained in Section 5.3.4, LLAGN do not have standard
disks, since their spectra show no “blue bump” [137][137] Ho, ‘Nuclear Activity in

Nearby Galaxies’
. Instead,

they are expected to have RIAFs, which are formed when the
mass accretion rate into the SMBH is relatively small. In the
turbulent plasma of the RIAFs, cosmic ray protons may be ac-
celerated via stochastic processes or by magnetic reconnection
[146][146] Kimura et al., ‘Neutrino

and Cosmic-ray Emission and
Cumulative background from
Radiatively Inefficient Accretion
Flows in Low-Luminosity Active
Galactic Nuclei’

. These protons then interact with other nucleons (pp in-
teractions, see Equation 2.2) and photons (pγ interactions, see
Equation 2.3) in the flow, generating neutrinos.

In this thesis, the model from Kimura et al. (2015) [146] will
be tested. According to this model, high-energy neutrinos are
produced mainly through pp interactions. Since in RIAF the
infall time (due to viscosity) is shorter than the thermalization
time (due to Coulomb scattering), the proton distribution is not
Maxwelllian and thus protons are non-thermal. In particular,
protons in the RIAF are accelerated through stochastic accelera-
tion, changing their momentum and leading to a hard proton
spectrum with spectral index γp < 1.

The number density of LLAGN is of the order of ∼ 10−3 −

10−2 Mpc−3, which is much higher than those of radio-loud
AGN including blazars. Therefore, even if each LLAGN is
much fainter than quasars, the number density of LLAGN
is so high that they can contribute to the diffuse neutrino flux
[146]. Kimura et al. test three models (B1, B2, B3) that differ on
the ratio between the accretion rate ṁ and neutrino bolomet-
ric luminosity Lbol according to Figure 5.11a. The bolometric
luminosity grows with the accretion rate of the RIAF. For each
model a different BH mass is assumed: MBH = 107M⊙ for B1 and
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(a) (b)

Figure 5.11: Parameters for the
three models developed by Kimura
et al. Figure 5.11a: bolometric lu-
minosity of neutrinos as a func-
tion of the AGN accretion rate. Fig-
ure 5.11b: AGN X-ray luminosity as
a function of the neutrino bolomet-
ric luminosity. Adapted from [146].

B2, MBH = 108M⊙ for B3. Also for the RIAF model of Kimura et
al., the neutrino luminosity is calculated assuming that it can
be approximated by the X-ray luminosity (see Figure 5.11b).

Figure 5.12 shows the expected neutrino flux for each of these
three models as well as a combined one. The spectra for B1 and
B3 can fit the IceCube data at 0.1–1 PeV energies, but cannot
explain the 10–100 TeV neutrino flux at the same time. They are
almost flat for 0.1 PeV ≲ Eν ≲ 1 PeV and have a cutoff at a few
PeV energies. The B2 model peaks at Eν ∼ 10 TeV and gradually
decreases for Eν > 10 TeV. The lower peak is due to the fact
that in the B2 model the photomeson production is ineffective
because of lack of target photons, requiring a higher proton
injection efficiency.

Since each LLAGN model cannot fit both 10–100 TeV and 0.1–
1 PeV data simultaneously, Kimura et al. also take into account
a two-component model, which is able to explain all data. For
the combined model shown in Figure 5.12, they suppose that
80% of LLAGN have the parameters of model B2 and the others
have a parameter set of model B3 (except for higher values
of proton injection efficiency in both cases). As can be seen in
Figure 5.12, this two-component model can explain the IceCube
events, however this parameter choice is ad hoc. Kimura et
al. suggest that it would be more natural the combination of
a LLAGN model with other sources, e.g. the low energy part
could come from LLAGN while the high-energy part may come
from cosmic-ray reservoirs such as starburst galaxies and galaxy
clusters. In general, the LLAGN model from Kimura et al. shows
that the diffuse neutrino flux is dominated by bright LLAGN
which also have comparatively high accretion rates (see Figure
5.11a). Since higher accretions rates correspond to lower number
density of LLAGN, they show that the former is more efficient
than the latter for the neutrino luminosity.

If neutrinos are produced by pion decays, gamma rays are
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Figure 5.12: Diffuse neutrino flux
for the three RIAF models in the
LLAGN of Kimura et al. The Ice-
Cube HESE 6 years dataset from
[147]

[147] Kopper, ‘Observation of
Astrophysical Neutrinos in Six
Years of IceCube Data’

and the diffuse flux from [148]

[148] Aartsen et al., ‘A combined
maximum-likelihood analysis of
the high-energy astrophysical neu-
trino flux measured with IceCube’

and [149]

[149] Stettner, Measurement of the
Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

are shown for compari-
son. Adapted from [146].

also inevitably produced. Their spectrum and luminosities are
similar to those of the neutrinos. However, high-energy gamma
rays are absorbed by soft photons through γ + γ → e+ + e−, so
that the observed spectra of the gamma rays can be different
from those of the neutrinos. Due to internal absorption inside
sources, electromagnetic cascades are initiated, leading to a
break in the gamma ray spectrum where the optical depth of
pair production τγγ = 1. For bright LLAGN the cutoff energy
is expected around ∼ 5.4 GeV, while for faint ones at ∼ 14 GeV.
Therefore, bright LLAGN emit only multi-GeV photons and
cannot emit TeV photons.
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In order to test the two AGN core models presented in Chap-
ter 5, we need to select a large, clean sample of AGN with

minimal contamination from stellar and blazar objects, with
data that allows to characterize the accretion properties of the
AGN population. Large, uniform surveys at wavelengths where
AGN and accretion disk activity can be detected unequivocally
are thus needed. Due to lack in literature of comprehensive cata-
logues of AGN that fall into the criteria required by this analysis,
three AGN samples have been created through cross-correlation
of X-ray, radio and infrared catalogues: radio–selected AGN,
IR–selected AGN and LLAGN. In this chapter, the selection
criteria (Section 6.1), the datasets (Section 6.2) and the method
(Section 6.3) used for the cross-match are presented. Section 6.7
presents a study of the completeness of the created samples,
accounting for missing sources through the X-ray luminosity
functions.

6.1 Selection criteria

Figure 6.1 shows the SED of an AGN: its emission covers the
whole electromagnetic spectrum. As mentioned in Chapter 5,
several source components are expected in AGN with differ-
ent geometric configurations that contribute to the whole ob-
served spectrum. Therefore, the various wavelength regimes
provide different windows on AGN physics. In this thesis three
spectral bands are used for the selection of the AGN samples:
X-ray (0.1 − 10 keV), radio (1.4 GHz) and mid-Infrared (IR)
(3 − 30 µm).

6.1.1 Selection of AGN in the X-ray waveband

The selection of AGN at X-ray energies provides an excellent
compromise between completeness and purity of the sample.
X-ray are sensitive to all but the most obscured AGN even
when hosted in luminous galaxies. This is due to the fact that
all AGN are characterized by X-ray emission and that the X-ray
are able to penetrate through large column density of gas and
dust. Moreover, the X-ray emission from host-galaxy processes
are typically weak when compared to the AGN [133]

[133] Padovani et al., ‘Active
galactic nuclei: what’s in a name?’. The X-

ray emission is an excellent probe of accretion in AGN, being
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Figure 6.1: Sketch of an AGN
spectral energy distribution (SED),
based on the observed SEDs of non-
jetted quasars. The black solid line
represents the total emission and
the various coloured curves (shifted
down for clarity) represent the indi-
vidual components. Adapted from
[133].

Figure 6.2: Relationship between
X-ray and UV-optical emission for
a sample of 159 X-ray detected
quasars. Figure adapted from [151].

produced by processes related to the accretion disk. The main
component of a typical X-ray spectrum of an AGN is given
by an underlying power-law continuum Sν ∝ ν−α, with mean
slope α ∼ 0.7, produced by inverse Compton scattering of
the accretion disk photons onto the electrons of the corona
above the disk. At energies below 1 keV there is a soft excess
due to thermal (black body) emission produced in the inner
part of the accretion disk. Above 10 keV, a Compton hump is
observed, where the power law becomes flatter due to X-ray
reflection from the disk. The X-ray emission is then modified
from interactions with material in the accretion disk, such as
photoelectron absorption, reflection and scattering [38]

[38] Schneider, Extragalactic Astron-
omy and Cosmology

.
There is also a tight relationship between the X-ray emission

and the UV-optical emission [151, 152]

[151] Lusso et al., ‘The tight relation
between X-ray and ultraviolet
luminosity of quasars’
[152] Steffen et al., ‘The X-Ray-
to-Optical Properties of Optically
Selected Active Galaxies over Wide
Luminosity and Redshift Ranges’

. As shown in Figure 6.2,
the correlation between the X-ray luminosity L2keV at 2 keV and
the UV luminosity L2500Å at 2500 Å is not linear. This implies
that more optically luminous AGN emit less X-rays per unit of
UV luminosity than less luminous AGN. It also indicates that
the disk and the corona are coupled: the optical-UV photons
from the accretion disk (parametrized by L2500Å) are Compton
up-scattered by hot electrons in the corona and lead to the
formation of a power law spectrum in the X-rays (parametrized
by L2keV).

Although it is possible to obtain clean selections of AGN us-
ing only X-ray data, some caution must be applied to eliminate
X-ray binaries and galaxies with X-ray emission associated with
star formation, rather than an AGN [153][153] Hickox et al., ‘Obscured

Active Galactic Nuclei’
. For this reason, for the

creation of the AGN samples in this thesis the X-ray information
is combined with the radio and mid-IR wavelengths.
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6.1.2 Selection of AGN in the radio waveband

The dominant physical process for AGN in the radio waveband
is synchrotron emission of electrons, which can be due to pro-
cesses related to the accretion disk and/or large-scale radio jets
[133, 154] [133] Padovani et al., ‘Active

galactic nuclei: what’s in a name?’
[154] Tadhunter, ‘Radio AGN in
the local universe: unification,
triggering and evolution’

. However, AGN are not the only extragalactic source
population that can produce significant radio emission: below
10 mJy more and more star-forming galaxies are also present
[155]

[155] Condon, ‘Radio Emission
from Normal Galaxies’

. At 1.4 GHz, for flux densities of ∼10 mJy and above, AGN
are uniquely distinguished from star-forming galaxies, and re-
ferred to as ”radio-loud" AGN. Radio emission is also produced
by some thermal emission from cold gas and dust [155], which
can become very relevant at higher frequencies (> 10 GHz).
AGN radio emission is also unaffected by obscuration, and thus
relatively unbiased with respect to orientation.

6.1.3 Selection of AGN in the mid-IR waveband

The IR emission of AGN is commonly explained by the so-called
“dusty torus” paradigm [38] [38] Schneider, Extragalactic Astron-

omy and Cosmology
. According to this paradigm, the

dust surrounding the accretion disk reprocesses the emission of
the accretion disk into the IR and dominates the AGN SED from
wavelengths longer than ∼ 1 µm up to a few tens of micron
(see Figure 6.1) [133]. The IR waveband is very relevant for the
identification of many AGN in the universe that have remained
hidden from short-wavelength surveys because of reddening
and obscuration by dust in and around their nuclei [156] [156] Low et al., ‘Infrared Color-

selected Quasars and Seyfert 1
Galaxies’

.
The IR SED of AGN can be divided in three wavelength

regimes: the near-IR (NIR; 1 − 3 µm), the mid-IR (MIR; 3 −

50 µm), and the far-IR (FIR; 50 − 500 µm). The emission of the
dusty torus is very prominent in the MIR regime, which also
gets less stellar contamination. Hence, the MIR wavelengths
are the optimal IR wavelengths for AGN identification. To com-
plement the X-ray selection criterion, we thus adopt the MIR
color-selection method that allows for a reliable selection of a
source that contains a warm dusty torus that is consistent with
those in standard, thin-disk AGN [125] [125] Shakura et al., ‘Black holes

in binary systems. Observational
appearance.’

.

6.2 The datasets

The primary X-ray source catalogues used for cross–matching
are the ROSAT All-sky Survey (2RXS; [50]

[50] Riehn, F. et al., ‘Charm
production in SIBYLL’

) and the second
release of the XMM-Newton Slew Survey (XMMSL2∗). However,
rather than directly using these two catalogues, we use the
ones modified by [157]

[157] Salvato et al., ‘Finding
counterparts for all-sky X-ray
surveys with Nway: a Bayesian
algorithm for cross-matching
multiple catalogues’

. They provide 106,573 and 17,665 X-

∗ https://www.cosmos.esa.int/web/xmm-newton/xmmsl2-ug

https://www.cosmos.esa.int/web/xmm-newton/xmmsl2-ug
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Figure 6.3: Sources in the NVSS cat-
alogue in galactic coordinates. The
color scale shows the radio flux of
each source.

ray sources from the 2RXS and XMMSL2 surveys respectively,
which have been matched with AllWISE IR counterparts [158][158] Wright et al., ‘The Wide-field

Infrared Survey Explorer (WISE):
Mission Description and Initial
On-orbit Performance’

,
covering ∼ 95% of the extragalactic sky (|b| > 15◦). The radio–
and IR–selected AGN samples are compiled by cross-matching
the X-ray catalogues with the NRAO VLA Sky Survey (NVSS;
[159][159] Condon et al., ‘The NRAO

VLA Sky Survey’
) radio catalogue and the AllWISE catalogues, respectively.

In the end, all three catalogues are cross-matched with the
3LAC Fermi-LAT catalogue [160][160] Ackermann et al., ‘The Third

Catalog of Active Galactic Nuclei
Detected by the Fermi Large Area
Telescope’

to remove gamma-ray blazars
from the final samples. In this analysis we focus only on radio
galaxies and LLAGN, for which we expect the emission to come
mainly from the core of the AGN.

6.2.1 Radio: NVSS

NVSS is a radio survey at 1.4 GHz (21 cm), covering 82% of the
sky, all the area north of δ = −40 deg. It has a spatial resolution
of ∼45 arcsec and a 2 mJy detection level. The latest version
of NVSS∗, which contains ∼ 1.8 × 106 sources with integrated
fluxes and positional errors, has been used. The full catalogue
is available through the NVSS public ftp server†. Figure 6.3
shows the NVSS catalogue used for the cross-match in galactic
coordinates. Given the large number of sources in the catalogue,
it is not possible to resolve them singularly.

6.2.2 IR: AllWISE

The Wide-field Infrared Survey Explorer (WISE; [158][158] Wright et al., ‘The Wide-field
Infrared Survey Explorer (WISE):
Mission Description and Initial
On-orbit Performance’

) was
launched in 2009 and, over the course of one year, scanned the
entire sky at least twice in the 3.4 and 4.6 µm bands (hereafter
W1, W2, respectively) and at least once in the 12 and 22 µm
bands (W3, W4). In the AllWISE data release‡ (November 13,
2013 [161][161] Cutri et al., ‘VizieR Online

Data Catalog: AllWISE Data
Release (Cutri+ 2013)’

) all the available data are combined, covering over
95% of the extragalactic sky (|b| > 15 deg). The coverage is

∗ https://heasarc.gsfc.nasa.gov/W3Browse/all/nvss.html
† ftp://nvss.cv.nrao.edu/pub/nvss/CATALOG/FullNVSSCat.text
‡ http://wise2.ipac.caltech.edu/docs/release/allwise/

https://heasarc.gsfc.nasa.gov/W3Browse/all/nvss.html
ftp://nvss.cv.nrao.edu/pub/nvss/CATALOG/FullNVSSCat.text
http://wise2.ipac.caltech.edu/docs/release/ allwise/
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inhomogeneous, being deepest at the Ecliptic Poles. The All-
WISE catalogue provides photometric coverage of the entire
sky in the mid-infrared, a regime where the number density
of sources is low compared with e.g., the optical bands. At
the same time, virtually all point-like X- ray sources found in
2RXS and XMMSL2 are expected to be detected at the depth
of the AllWISE survey. For this thesis the two catalogues from
[157] [157] Salvato et al., ‘Finding

counterparts for all-sky X-ray
surveys with Nway: a Bayesian
algorithm for cross-matching
multiple catalogues’

are used, that include all AllWISE sources located within
a radius of 120 arcsec from an X-ray position listed in the 2RXS
and XMMSL2 catalogues, respectively.

6.2.3 X-Ray: 2RXS and XMMSL2

2RXS

ROSAT is an all sky survey in the energy range 0.1 − 2.4 keV.
For this analysis the latest 2RXS catalogue has been used: the
original Bright Source Catalogue (BSC) containing the 18816
brightest sources [162] [162] Voges et al., ‘The ROSAT all -

sky survey bright source catalogue’
, and the Faint Source Catalogue (FSC),

encompassing the 105,924 fainter objects, have been reprocessed
by [163] [163] Voges et al., ‘VizieR Online

Data Catalog: ROSAT All-Sky
Survey Faint Source Catalog
(Voges+ 2000)’

. In this way the number of reliable sources (both bright
and faint) has increased and the number of spurious detections
has decreased. The newly generated catalogue (2RXS) includes
≈ 135,000 sources.

Figure 6.4: 2RXS catalogue in galac-
tic coordinates. The color scale
shows the X-ray flux in the 0.5 −

2 keV energy band. The galactic
plane (|b| < 15 deg) and the area
around the Large and Small Mag-
ellanic Cloud (6 and 3 deg radius,
respectively) have been removed.

For this analysis, the 2RXS catalogue already cross-matched
with AllWISE has been used [157] [157] Salvato et al., ‘Finding

counterparts for all-sky X-ray
surveys with Nway: a Bayesian
algorithm for cross-matching
multiple catalogues’

. This catalogue selects all
2RXS detections which lie within the ‘extragalactic’ part of
the sky, i.e. with |b| > 15 deg, and at least 6 and 3 deg away
from the optical centers of the Large and Small Magellanic
Clouds, respectively. After this geometric filter, we are left with
106,695 2RXS X-ray detections with an estimated coverage of
30,575.9 deg2. The catalogue is further cleaned by removing 122
sources without estimated positional uncertainty and without
listed counts. The final 106,573 2RXS sources are shown in
galactic coordinates in Figure 6.4. 95% of the sources have a 1σ
positional error smaller than 29 arcsec.
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XMMSL2

The XMM-Newton European Photon Imaging Camera pn (EPIC-
pn) accumulates data during slews between pointed observa-
tions. The most recent catalogue derived from this dataset covers
84% of the sky (release 2.0, 14th March 2017). In this analysis
only the detections from the ‘Clean’ version of the catalogue
(which we will henceforth refer to as the XMMSL2 catalogue)
are used, which lie in the same area as defined for 2RXS. The
final coverage is of ≈ 25, 500 deg2.

For this analysis, the XMMSL2 catalogue already cross-matched
with AllWISE survey has been used (see Figure 6.5). The cata-
logue is provided by [157][157] Salvato et al., ‘Finding

counterparts for all-sky X-ray
surveys with Nway: a Bayesian
algorithm for cross-matching
multiple catalogues’

and contains 19, 141 sources in the
energy range 0.5 − 12 keV, covering ∼ 95% of the extragalactic
sky (|b| > 15 deg). The same geometric filters as for the 2RXS
catalogue have been applied.

Figure 6.5: XMMSL2 catalogue in
galactic coordinates. The color scale
shows the X-ray flux in the 0.5 −

2 keV energy band. The galactic
plane (|b| < 15 deg) and the area
around the Large and Small Mag-
ellanic Cloud (6 and 3 deg radius,
respectively) have been removed.

6.3 Positional cross-match

A positional matching technique is used to cross-correlate the
original catalogues. The cross-match is conducted using the
extcats∗ python tool, which allows to identify source associa-
tions across the two catalogs within a search radius. The larger
catalogue among the two catalogues to cross-match is defined as
the primary catalogue and is imported into a mongodb† database.
Each of its sources is assigned an HEALPix [164][164] Górski et al., ‘HEALPix: A

Framework for High-Resolution
Discretization and Fast Analysis of
Data Distributed on the Sphere’

index on a grid
of order 16, corresponding to ∼ 3 arcsec resolution. The spatial
pre-partitioning of the data based on a HEALPix grid allows
to speed up queries of the database for positional matches. For
each source in the secondary catalogue, all primary sources
within a certain radius are searched: the search first returns the
sources in the 9 pixels close to the target position (the central
one plus the 8 neighbors). Then, only the matches within the

∗ https://github.com/MatteoGiomi/extcats
† https://www.mongodb.com

https://github.com/MatteoGiomi/extcats
https://www.mongodb.com
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search radius area are returned.
In the end, an additional geometrical cut is applied to the

final samples. Since for the analysis of this work eight years of
IceCube Northern tracks are going to be used, only AGN with
declination above 5 degrees are selected from each sample.

6.4 Radio–selected AGN sample

We correlate the NVSS with the 2RXS and the XMMSL2 cata-
logues, keeping all sources whose radio and X-ray positions
differ by less than 60 arcsec. The search radius has been chosen
based on the X-ray source positional errors. Figure 6.6 shows the
correlation between the X-Ray flux intensity and the positional
uncertainty for 2RXS (light-blue points) and XMMSL2 (orange
points). In both plots, the dashed line shows the function used
to define the search radius: this function has been defined in
order to do not lose the most energetic sources and to reject the
ones with large positional error. In both cases, the maximum
search-radius is 60 arcsec.

Figure 6.6: Positional uncertain-
ties for the 2RXS (light-blue) and
XMMSL2 (orange) samples as a
function of X-ray flux. The dashed
lines show the function used to de-
fine the search radius, for the 2RXS
and XMMSL2 samples in light-blue
and orange, respectively.

About 6.12% (5.93%) of the 2RXS (XMMSL2) objects have
more than one radio counterpart. The cumulative distribution
of the separations between the X-ray and radio positions is
shown in Figure 6.7. The top blue line gives the distribution
of the angular distances for all matches between the X-ray
and radio positions. The shaded area shows the one-to-one
matches between radio and X-ray positions, i.e. it excludes X-
ray sources with multiple matches in NVSS. The red line shows
the spurious matches for all (i.e. multiple and single) radio
sources. The random matches are obtained by performing a
positional cross-match between NVSS sources and randomized
X-ray sources using a search radius of 60 arcsec. The increasing
slope of the random matches is an indicator for the increasing
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Figure 6.7: Distribution of angular distances between radio and X-ray positions; blu line: all matches, shaded area:
matches with a single radio source for each X-ray position. The red line shows the chance matches between NVSS and
2RXS (XMMSL2) sources randomly generated without changing their density.

Figure 6.8: 3LAC source positional
errors as a function of the gamma-
ray flux.

Table 6.1: Fraction of 3LAC sources
matched with the 2RXS-NVSS and
XMMSL2-NVSS samples.

AGN type 2RXS XMMSL2

FSRQs
27.4% 26.7%
(180) (80)

BL Lac

55.6% 57.3%
(365) (172)

Blazars of 14.8% 14.3%
uncertain type (97) (43)

Non-blazar 2.3% 1.7%
AGN (15) (5)

number of chance coincidences at larger extraction radii. For
those X-ray objects that have more than one radio counterpart,
the closer NVSS source to the X-ray counterpart is chosen.

The X-ray sources with a radio counterpart are then cross-
matched with the 3LAC catalogue in order to remove blazars,
using the 95% source position error of the gamma-ray sources
as search-radius (see Figure 6.8). The largest group of objects in
the X-ray/NVSS – 3LAC correlation are the BL Lacs, followed
by FSRQs and blazars of uncertain type. Only a few percent
of the sources are non-blazar AGN. The exact percentages are
shown in the Table 6.1.

Before combining the NVSS/2RXS and NVSS/XMMSL2 sam-
ples, we remove duplicated X-ray sources (i.e. XMMSL2 sources
already included in 2RXS) and convert the X-ray fluxes to the
common 0.5-2 keV energy range. Duplicated X-ray sources are
defined as sources with similar location. A cross-match between
the final NVSS/2RXS and NVSS/XMMSL2 catalogues has been
performed using a search radius based on the flux and posi-
tional uncertainties of the X-ray sources (see Figure 6.6). The
formula used to convert fluxes into another energy band is:

F[E ′
max : E ′

min]

F[Emax : Emin]
=

E
′(2−Γ)
max − E

′(2−Γ)
min

E (2−Γ)
max − E (2−Γ)

min

, (6.1)

where Γ is the spectral index (1.7 for 2RXS and 2.4 for
XMMSL2), and Emin and Emax are the minimum and maximum
energy of the given band [165][165] Dwelly et al., ‘SPIDERS:

Selection of spectroscopic targets
using AGN candidates detected in
all-sky X-ray surveys’

.

6.4.1 False matches contamination study

The contamination with false matches of the 2RXS-NVSS and
XMMSL2-NVSS samples has been studied. The following steps
have been followed:
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1. The 3LAC blazars have been removed from the 2RXS and
XMMSL2 original catalogues, in order to do not be biased
by very energetic sources.

2. The samples obtained from point (1) are cross-matched
with NVSS using 120 arcsec search radius.

3. The NVSS catalogue is also cross-matched with the two
randomized X-ray catalogues, using also in this case 120 arc-
sec as search radius. The random matches represent the
false matches of our samples, that is the matches hap-
pening by chance (orange lines in Figure 6.9a). The ran-
domization of the X-ray sources has been performed using
HealPy∗. First, a density map of the X-ray sources has been
created using NSIDE 16. For each pixel, the position of
the X-ray source has been uniformly randomized within
the 4 neighbouring pixels and then the pixels have been
converted back to galactic coordinates. In this way, the
final density map of the X-ray sources has not changed.

4. The true matches are obtained by removing the random
matches from the samples in point (2) (blue line in Figure
6.9a). When cross-matching the original X-ray and radio
catalogues, there is the possibility to get false matches by
chance. Therefore, by removing the random-matches (i.e.
the false matches) from the combined X-ray and radio
catalogues, we can get an estimate of the true matches.

(a) (b)

Figure 6.9: Figure 6.9a: Number of NVSS matched sources to 2RXS (solid lines) and XMMSL2 (dashed lines) as a
function of the search radius. The crossing point between the two curves tells what is the radius at which the spurious
sources exceed the true ones. Figure 6.9b: Fraction of contamination and efficiency for the radio-selected AGN weighted
by their X-ray flux. The search radius chosen for the cross-match is shown by the gray lines.

The contamination of the sample is given by the false matches
normalized up to the crossing point of the curves in Figure
6.9a . The efficiency of the selection is given by the true matches
normalized over all matched sources of point (2). Figure 6.9b

∗ https://healpy.readthedocs.io/en/latest/

https://healpy.readthedocs.io/en/latest/
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Figure 6.11: Radio flux distribution
as a function of the X-ray flux for
the sources for the radio-selected
AGN sample.

shows the true matches and the contamination fraction scaled
by the source X-ray flux (the weight of the analysis).

At 60 arcsec the contamination of the final samples is ∼ 5%
for both X-ray catalogues. In the case of 2RXS-NVSS if we chose
to cross-match the catalogues using 40 arcsec as search radius,
we would only gain ∼ 2% in contamination but we would lose
almost ∼ 10% of the sources. This study justifies the choice of
the 60 arcsec as search radius. In the case of XMMSL2-NVSS, the
loss in number of sources would be only of few percents, there-
fore there is not big difference between 60 arcsec and 40 arcsec.
Nevertheless, according to Salvato et al. almost ∼ 50% of the
sources in the XMMSL2 catalogue have a counterpart in the
2RXS catalogue. Therefore, we chose to have the biggest sample
possible, since the XMMSL2 sources are cross-matched again
with the 2RXS sources to remove duplicated X-ray sources.

Figure 6.10: Sky map distribution in galactic coordinates (left figure) and distribution of the X-ray flux (right figure) of
the radio-selected AGN sample.

6.4.2 Final Sample

The final radio-selected AGN sample contains 13,927 sources
with an estimated contamination of only ∼ 5% and an efficiency
of ∼ 94% scaled by the X-ray flux, covering ∼ 56% of the sky.
The left panel of Figure 6.10 shows the sky map of the sample
in galactic and equatorial coordinates. The flux distribution in
the 0.5-2 keV energy band of the sample is shown in the right
panel of Figure 6.10. Figure 6.11 shows the distribution of the
radio flux as a function of the X-ray flux.

6.5 IR–selected AGN sample

Another way to select AGN is to use the IR color-color diagrams,
as different classes of objects appear in different regions accord-
ing to the shape of their spectral energy distribution. We start
from the 2RXS and XMMSL2 catalogues provided in [157]

[157] Salvato et al., ‘Finding
counterparts for all-sky X-ray
surveys with Nway: a Bayesian
algorithm for cross-matching
multiple catalogues’

and
we use the distribution of the AllWISE counterparts to select
only AGN, using the color-color diagrams from [158]. These
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Figure 6.12: Color-color diagram
showing the location of interesting
classes of objects. Stars and early-
type galaxies have colors near zero,
while brown dwarfs are very red in
W1–W2, spiral galaxies are red in
W2–W3, and ULIRGS tend to be red
in both colors. Adapted from [158]

[158] Wright et al., ‘The Wide-field
Infrared Survey Explorer (WISE):
Mission Description and Initial
On-orbit Performance’

.

selection criteria have typically been calibrated against inde-
pendent AGN selection methods and rely primarily on colours
to separate AGN from stars or galaxies with inactive nuclei,
as AGN are expected to be significantly redder in the shorter
wavelength MIR bands [166]

[166] Stern et al., ‘Mid-Infrared
Selection of Active Galaxies’

. Figure 6.12 shows the color-color
diagram constructed from the W1 (3.4 µm), W2 (4.6 µm), W3
(12 µm) bands, with the regions occupied by various types of
objects illustrated [158].

In addition, since 20% of the sources in the 2RXS catalogue
have counterparts in the VERONCAT [167] [167] Véron-Cetty, M.-P. et al., ‘A

catalogue of quasars and active
nuclei: 13th edition*’

catalogue, and are
thus firmly classified as AGN, blazars or quasars, we overlap
the two X-ray catalogues with these classified sources to validate
the color cuts.

The first cut we apply on the 2RXS and XMMSL2 samples
is based on the X-ray/MIR relation suggested by [157]. They
show that the empirical relation

[W1] = −1.625 · log F(0.5−2keV) − 8.8 (6.2)

separates AGN from galaxies and stars over six orders of magni-
tude in samples of point-like X-ray sources and that most of the
sources below the relation are also stars based on their AllWISE
colours. Inversely, only 0.03% of the AllWISE counterparts to
2RXS and XMMSL2 that are classified as AGN using the WISE
colours as defined by [168, 169]

[168] Stern et al., ‘Mid-Infrared
selection of Active Galactic Nuclei
with the Wide-Field Infrared
Survey Explorer. I. Characterizing
WISE-selected Active Galactic
Nuclei in COSMOS’
[169] Assef et al., ‘Mid-Infrared
selection of Active Galactic Nuclei
with the Wide-field Infrared
Survey Explorer. II. Properties
of WISE-selected Active Galactic
Nuclei in the the NDWFS Boötes
field’

, lie below the solid line. Fig-
ure 6.13 shows the 2RXS and XMMSL2 original samples in the
[W1] vs. X-ray flux plane. The solid line shows the Equation 6.2
cut: the slope is given by the relation between monochromatic
X-ray and UV luminosity of unobscured, radio quiet quasars
LX ∝ L0.65

UV , multiplied by −2.5 for converting luminosities to
magnitudes [157]. We confirm the validity of this cut by over-
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Figure 6.13: W1 magnitude plot-
ted against the 0.5 − 2 keV flux
for the AllWISE counterparts to
2RXS (gray) and XMMSL2 (light-
blue). The orange points show the
position of the 2RXS sources with
an AGN counterpart in the VERON-
CAT catalogue. The black line de-
fines the AGN locus as defined in
Equation 6.2. Most of the sources
above this line are supposed to be
AGN as the distribution of the AGN
in VERONCAT would suggest.

Figure 6.14: [W1-W2] vs. [W2-W3]
for the AGN, QSO and blazars
VERONCAT counterparts to 2RXS.
The black lines show the cut that
can be applied to isolate the AGN
sources.

lapping the position of the firmly classified AGN counterparts
from the VERONCAT catalogue to the 2RXS sources in the same
plane (see orange points in Figure 6.13): most of these AGN lay
above the [W1] line, suggesting that most of the sources above
the line are indeed AGN.

After applying the [W1] cut of Equation 6.2, we can use
the AllWISE [W1-W2] and [W2-W3] of the sources for their
qualitative characterization as in Figure 6.12 and to isolate the
position of the sources we are interested in, removing blazars,
Starburst and normal galaxies. Furthermore, we can look at how
the VERONCAT counterparts of the X-ray sources distribute
in the same color-color diagram to validate these cuts. As can
be seen in Figure 6.14, the VERONCAT counterparts of the
2RXS sources lay in the area in between the black lines, that
represent the cuts used to isolate the AGN in in the [W1-W2]
and [W2-W3] plane. This validates thus the 3 color-color cuts
and we can therefore apply them on the 2RXS and XMMSL2
samples (see Figure 6.15).

Figure 6.15: [W1-W2] magnitude
plotted against the [W2-W3] for the
AllWISE counterparts to 2RXS (in
gray) and XMMSL2 (in light blue).
The black lines show the cuts that
are going to be applied based on
the VERONCAT AGN position (in
orange).
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In Figure 6.16 the AllWISE counterparts to the 2RXS (on the
left panel) and XMMSL2 (on the right panel) sources are plot-
ted in the [W1-W2] vs. [W3-W4] diagram, showing a bimodal
distribution. Also in this case, by overlapping the position of
the VERONCAT AGN we discover that the sources above the
black solid line are indeed AGN, while below that curve the
sources are mostly normal galaxies. Therefore we apply by-eye
one more cut to [W1-W2] as a function of [W3-W4].

Figure 6.16: [W1-W2] vs. [W3-W4]
color diagram showing the location
of the AllWISE counterparts of the
2RXS (left) and XMMSL2 (right) cat-
alogues. The black line is the cut we
are going to use in order to separate
the AGN from the normal galaxies,
above and below the curve respec-
tively.

The final IR-selected AGN sample is shown in Figure 6.17.
The AllWISE colors of the 2RXS (left) and XMMSL2 (right)
counterparts are plotted in the [W1-W2] vs. [W2-W3] diagram,
using in background Figure 6.12 of [158]. The gray points show
the original AllWISE counterparts of the two X-ray samples,
while the blue points show the IR-selected AGN remaining after
applying all the color cuts and removing the 3LAC blazars. As
expected, the selected AGN lay mainly in the loci of the QSOs
and Seyferts galaxies with some overlap with the Fermi-LAT
Blazars.

Figure 6.17: Color-color diagram showing the location of the final IR-selected AGN samples (in blue; 2RXS on the left,
XMMSL2 on the right) with the classes of objects of Figure 6.12 in the background. The original catalogues prior to the
color cuts and the removal of the 3LAC blazars are shown in gray.
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6.5.1 Final Sample

The final IR-selected AGN sample contains 52,835 sources cov-
ering ∼ 95% of the extragalactic sky, shown in the left panel of
Figure 6.18. Double X-ray sources have been removed from the
final sample. In the analysis in Chapter ??, each source will be
weighted by the correspondent X-ray flux of its counterpart (see
Figure 6.18, right).

Figure 6.18: IR-selected AGN final sample. Sky map distribution in galactic coordinates (left figure) and distribution of
the weights for each source in the sample.

6.6 LLAGN sample

The last sample created for this thesis is the LLAGN sample.
The starting point is the sample created in Section 6.5, but
we only consider the 2RXS sources since for those we know
the VERONCAT counterparts. In fact, using the VERONCAT
classification, it is possible to separate the bright AGN from the
Seyfert galaxies in the W1 −W2 space. The left panel of Figure
6.19 shows the distribution of the 2RXS sources classified as
Seyfert or bright AGN in the VERONCAT catalogue. We can
use these two distributions (after normalizing them) to define a
“Seyfertness” PDF as:

Seyfertness (W1 −W2) =
P(S)

P(S) + P(B)
(6.3)

where P(S) and P(B) are the probability of being a Seyfert or
a bright galaxy, respectively, approximated from the W1 −W2
histograms. Since LLAGN are mostly Seyfert galaxies [137][137] Ho, ‘Nuclear Activity in

Nearby Galaxies’
, we

can use this PDF to give a weight to our sources based on how
likely they are to be LLAGN. The right panel of Figure 6.19
shows the Seyfertness PDF obtained by applying Equation 6.3
to the two histograms in the left panel. The red line shows
the function that describes the distribution of these points as
a function of W1 −W2. Using this function, we assign to each
source a Seyfertenss PDF between 0 and 1. In the final sample
we only include sources with Seyfertness ≥ 0.5, since at this
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value we have the best trade-off between efficiency (77%) and
contamination (21%) of the selection.
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Figure 6.19: Seyfertness PDF definition. Left figure: distribution of the 2RXS sources classified as Seyfert or bright AGN
in the VERONCAT as function of the W1-W2 color-magnitude. Right figure: Seyfertness PDF function derived from the
left figure, by fitting the black points. The dashed gray line shows the cut used for the creation of the LLAGN sample.

The efficiency and contamination of the selection are derived
from the distributions of the classified galaxies in VERONCAT,
shown in the left panel of Figure 6.20 as a function of the
Seyfertness. Using these distributions, the Receiver Operating
Characteristics (ROC) curve in the right panel of Figure 6.20 is
derived. The efficiency is then given by the number of objects
correctly classified by the PDF, referred to as true positive rate,
while the contamination is given by the false positive rate,
defined as the bright galaxies wrongly classified as Seyfert
AGN. The best selection is given by the threshold where the
two curves have maximum distance from each other.

Figure 6.20: Seyfertness PDF ROC curve definition. The left panel shows the distributions of the 2RXS sources classified
as Seyfert or bright AGN in the VERONCAT as function of the Seyfertness PDF. These distributions are used to derive
the ROC curve shown in the right panel. The gray line shows the Seyfertness cut: the best cut is where the distance
between the false and the true positive rate is maximum.

6.6.1 Final Sample

The final LLAGN sample contains 25,648 sources covering ∼ 95%
of the extragalactic sky, shown in the left panel of Figure 6.21.
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Each source will be weighted by its X-ray flux (see Figure 6.21,
right).

Figure 6.21: LLAGN final sample. Sky map distribution in galactic coordinates (left figure) and distribution of the
weights for each source in the LLAGN sample, given by the X-ray flux.

6.7 Completeness of the samples

An important quantity to know about a catalogue is its "com-
pleteness", that is the fraction of the total flux from all sources
in the observable universe that is resolved into individual point
sources in the catalogues used for the analysis. In this thesis,
the total X-ray flux expected from all AGN is estimated using
the Soft X-ray Luminosity Function (SXLF) in the energy range
0.5-2 keV.

TheLuminosity function luminosity function specifies the way in which the mem-
bers of a class of objects are distributed with respect to their lu-
minosity. It is defined as the number density of objects Φ(L, z)dL
with a luminosity between L and L + dL. The luminosity func-
tion is usually described by an analytical fit over the whole
redshift-luminosity range for a given energy interval. When it
is integrated over luminosity, it has units of number density, in
units of Mpc−3. We usually talk about positive evolution if the
number density increases with larger redshift, otherwise we
have a negative evolution.

Recent X-ray surveys have found that the SXLF of AGN is
best described by a Luminosity-Dependent Density Evolution
(LDDE) model, rather than the classical Pure Luminosity Evolu-
tion (PLE) or Pure Density Evolution (PDE) models, which tend
to overestimate the cosmic X-ray background [152]

[152] Steffen et al., ‘The X-Ray-
to-Optical Properties of Optically
Selected Active Galaxies over Wide
Luminosity and Redshift Ranges’

. According
to the LDDE model, the luminosity and the number density
distributions change simultaneously as a function of redshift.

Figure 6.22Soft X-ray Luminosity Function
(SXLF)

shows the X-ray luminosity functions used in
this thesis as a function of the X-ray luminosity for the LDDE
model in an (Ωm,ΩΛ) = (0.3, 0.7) universe. The models in [170]

[170] Miyaji et al., ‘Soft x-ray agn
luminosity function from rosat
surveys I. cosmological evolution
and contribution to the soft x-ray
background’

and [171]
[171] Ebrero et al., ‘The XMM-
Newton Serendipitous Survey. VI.
The X-ray Luminosity Function’

, shown in the left panel of Figure 6.22, are derived
from the analysis of AGN coming from the combination of
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various ROSAT surveys in the 0.5-2 keV band. The density
evolution is less steeper at low luminosities. These models pre-
dicts ≈ 60 − 70% of the extragalactic soft X-ray background. The
model [172] [172] Hasinger et al., ‘Luminosity-

dependent evolution of soft x-ray
selected AGN: New Chandra and
XMM-Newton surveys’

(Figure 6.22, right) is derived by the study of ∼ 1000
AGN obtained through the combination of Chandra and XMM-
Newton deep survey data with all identified ROSAT AGN
samples. The sources are selected in the soft (0.5-2 keV) X-ray
band. The Chandra and XMM-Newton sources are predomi-
nantly Seyfert galaxies at a median luminosity of ∼ 1043 erg s−1.
This model predicts the existence of a luminosity-dependent
density evolution for X-ray AGN and that density increases at
low redshifts up to a certain redshift which depends on the
X-ray luminosity, and then flattens (positive evolution).

Figure 6.22: X-ray luminosity function for different redshifts and the LLDE model. A cosmological framework with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 is assumed. The two models in the left panel describes the evolution
of luminous AGN in the 0.5 − 2 keV energy band, while the model in the right panel is derived mostly from Seyfert
galaxies, and thus describes the luminosity evolution of LLAGN.

If the Source count distributionluminosity function is integrated over the luminosity
and the comoving volume Vcom one obtains the source count
distribution N(> S), that is the number of sources detectable at
Earth above a minimum photon flux Smin. It can be calculated
as:

N(> S) =
∫
z

dVcom

dz

∫ ∞

Lmin(Smin,z)
Φ(L, z)dL, (6.4)

Lmin(Smin, z) is the luminosity of a source at redshift z having
a flux of Smin. Figure 6.23 shows the cumulative number of
AGN as function of the X-ray flux in the 0.5-2 keV energy range.
The expected number of sources derived from the luminosity
functions (solid lines) is compared to the number of AGN in
the three samples used in this analysis. All samples are scaled
by their sky coverage and the LLAGN sample is also scaled by
the efficiency of the selection.

The completeness Completenessof each catalogue is given by the fraction
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Figure 6.23: Source count distributions in normalized integral form for sources in the 0.5 − 2 keV band. Three models
(lines) derived from X-ray luminosity functions are compared with the sources (points) from the three samples created
for this analysis. A cosmological framework with H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7 is assumed.

Table 6.2: Properties of the AGN samples created for the analysis. The surveys used for the cross-match to derive
each sample, the final number of selected sources, their weight, total X-ray flux in the 0.5-2 keV energy range and
completeness are listed.

Radio–selected AGN IR–selected AGN LLAGN

Matched catalogues NVSS + 2RXS + XMMSL2 AllWISE + 2RXS + XMMSL2 AllWISE + 2RXS
Nr. of sources 9749 32249 15887

Weight X-ray flux X-ray flux X-ray flux
Total X-ray flux [erg cm−2 s−1] 7.71 × 10−9 1.43 × 10−8 7.26 × 10−9

Theoretical Model Miyaji et al. 2000 Miyaji et al. 2000 Hasinger et al. 2005
Completeness ∼ 5% ∼ 11% ∼ 7%

of the area below the three theoretical curves and the area below
the sources: for the radio-selected and IR-selected AGN samples
the model from [170] is used (left panel of Figure 6.23), while
the LLAGN sample is better described by the model of [172]
(right panel of Figure 6.23). The completeness is 5% for the
radio-selected AGN sample, 11% for the IR-selected AGN and
7% for the LLAGN sample. The total X-ray flux is given by the
area below the three theoretical curves shown in Table 6.2. This
value will be used to estimate the number of neutrinos expected
from the entire AGN population represented by the three AGN
samples. In fact, the total X-ray flux evaluated through the
luminosity function takes into account also those sources that
do not make it into the samples, either because cut out from
the selection or because not detected at all at Earth.
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This chapter describes the analysis performed in this thesis
to test for a correlation between high-energy neutrinos and

the cores of the three sub-populations of AGN presented in
Chapter 6. A stacking analysis is performed using eight years of
IceCube data. The stacking method improves the sensitivity of
an analysis by combining (stacking) the signal from different po-
tential sources which are analyzed simultaneously. The stacking
method and the likelihood used for this analysis are presented
in Section 7.1, along with the analysis software used. Section 7.2
describes the neutrino dataset and weighting scheme adopted
for each of the three AGN samples. Section 7.3 shows the ex-
pected performance of this analysis: first, a comparison with
a previous analysis is conducted in Section 7.3.1. Section 7.3.2
shows a method to identify the energy ranges where this anal-
ysis is most sensitive. Finally, the sensitivity of the analysis
is shown in Section 7.3.3. Part of this work has already been
published in [173] [173] Bradascio, ‘Search for high-

energy neutrinos from AGN cores’
.

7.1 Analysis method

One Stacking methodof the main goals of IceCube is the detection of extra-
terrestrial neutrinos. Because single sources are too faint to be
seen above the atmospheric background, the stacking method
was introduced [174, 175] [174] Aartsen et al., ‘Time-

Integrated Neutrino Source
Searches with 10 Years of IceCube
Data’
[175] Aartsen et al., ‘Search for
steady point-like sources in the
astrophysical muon neutrino flux
with 8 years of IceCube data’

. In this method several sources of
the same type are bundled into one catalogue so that the pos-
sible signal from them can be superimposed for data analysis.
Since the largest flux contribution of a population of objects is
not expected to be emitted by the strongest source, but to be
spread out over several weaker ones, a stacking analysis is more
sensitive to the question if AGN emit neutrinos as a class. In
contrast with a standard point source search, which can identify
significant spots in the sky, a stacking analysis can not pinpoint
the exact sources. But if an overfluctuation is found, it is rea-
sonable to assume that it is caused by the class of objects under
study, since it is unlikely that random sources are correlated
with AGN.
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7.1.1 The point source likelihood

The stacking analysis uses an unbinned maximum likelihood
ratio test, which gives the significance of an excess of neutrinos
above background expectations for a given direction [174, 175].
The null hypothesis reflects a pure atmospheric dataset, while
the signal hypothesis involves ns astrophysical source events
distributed in energy according to an assumed power law spec-
trum E−γ. TheTest Statistic (TS) Test Statistic (TS) is defined as the likelihood
ratio of null and signal hypothesis:

TS = −2 log
[︃
L(ns = 0)
L(n̂s, γ̂)

]︃
(7.1)

where L(n̂s, γ̂) is the maximized likelihood function, and n̂s
and γ̂ are the parameters at the maximum. L(ns = 0) is the
likelihood function evaluated under the assumption of the null
hypothesis, according to which the dataset does not contain any
signal from a point source (ns = 0).

ThePoint source likelihood likelihood function used is the point source likelihood,
that estimates the strength of a potential point-like neutrino
source over background events. It is defined as:

L(ns, γ) =
N∑︂
i

(︂ns
N

· Si(xi |γ) +
(︂
1 −

ns
N

)︂
· Bi(xi)

)︂
(7.2)

where ns is the number of signal events, N the total number of
neutrino events in the data sample, and Si(xi |γ) and Bi(xi) are
the signal and background PDFs for each neutrino xi. Si(xi |γ)
and Bi(xi) depend on the reconstructed event direction and
energy. The logarithm of the likelihood function is minimized
with respect to ns and γ:

ns represents the number of signal events, that is the strength
of the signal in the dataset and it is restricted in the
interval [0, N], since a negative ns would be unphysical.
If the best fit for ns would result in a negative value, this
has to be interpreted as an under-fluctuation rather than
a sink of neutrinos.

γ represents the spectral index of the signal energy spectrum
and is restricted to the interval [1, 4], since this is the range
where energy spectra are expected from AGN.

TheCombination of different datasets data sample used for the analysis (described in Sec-
tion 7.2) is the combination of different datasets corresponding
to different IceCube seasons (see Section 3.1). The global likeli-
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hood is given by:

Lcomb(ns, γ) =
M∏︂
j=1

Lj(ωj(γ)ns, γ) (7.3)

where the index j runs over all M datasets. Since each dataset
differs for event selection and detector configuration, the signal
expectation for each of them is not the same. Therefore, the
total ns has to be weighted by the quantity ωj(γ), defined as:

ωj(γ) =
nj(γ)∑︁M
k=1 nk(γ)

(7.4)

where nj(γ) is the expected number of neutrinos for each dataset
and the denominator ensures the proper normalization. The
spectral index γ is expected to be identical within all datasets
(γj = γ).

Background PDF

The background PDF B(xi) describes the distribution of back-
ground events. It is defined as:

B(xi) = SB(δi) · EB(Ei, δi) (7.5)

where SB and EB are the spatial and energy PDFs, respec-
tively. δi and Ei are the reconstructed declination and energy of
each event. The spatial term SB describes the probability for a
background event to be reconstructed at a certain position in
the sky. Because of the rotation of the Earth, in equatorial coor-
dinates the background events are isotropic in right ascension
and thus there is only dependence on the declination δ29 29 The right ascension angle is

equivalent to the azimuth angle ϕ,
while declination δ and zenith θ
angles are always related via δ =
θ − π

2 .

. Both
the spatial and energy background PDFs are calculated per dec-
lination bands, by binning the data as a function of sin(δ) (see
left panel of Figure 7.1). The histograms are then interpolated
by a spline function and normalized to yield unity when they
are integrated over dΩ and dE .

There Background PDF from data scram-
bling

are two methods to generate the background PDF. The
first one is to randomize (to "scramble") the experimental data.
The hypothesis is that the data are contaminated by only a
negligible amount of signal events. Because of the detector sym-
metry, the background PDF has only a declination dependence,
therefore the scrambling is performed uniformly in right ascen-
sion. The advantage of this approach is that all detector effects
are already included and thus is independent with respect to
inaccuracies in the simulation.

The Background PDF from MC simu-
lation

second approach is to simulate the background: using the
parametrization of the atmospheric and diffuse astrophysical
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components obtained in [84][84] Aartsen et al., ‘Observation
and Characterization of a Cosmic
Muon Neutrino Flux from the
Northern Hemisphere using six
years of IceCube data’

, including also systematic uncer-
tainties, it is possibile to simulate the full detector response and
reconstruction of all the background events. The parametriza-
tion of the experimental data allows to obtain a better extrapo-
lation to sparsely populated regions in the energy-declination
plane than by using only the statistically limited experimental
data. In this thesis this latter method is used. More details on
the differences and advantages of the simulation method over
the data scrambling are given in Appendix B.

Signal PDF

The signal PDF describes the distribution of potential signal
neutrinos, assuming that the source is point-like and that it
follows a power law spectrum E−γ with spectral index γ. It can
be written as:

S(xi, γ) = SS(Ψi |σi) · ES(Ei, δi |γ) (7.6)

where SS and ES are the spatial and energy PDFs.
TheSignal spatial PDF spatial part of the signal PDF is based on the assumption

that the angular uncertainty of an event (σi), which is calcu-
lated during the reconstruction (see Section 7.3.1), corresponds
to a 1σ (68%) probability region for the event direction. Hence,
the signal events will be clustered according to a 2D Gaus-
sian around a given position, with width given by the angular
uncertainty σi. It can be written as:

SS(Ψi |σi) =
1

2πσ2
i

e−
1
2 (
Ψi
σi

)2 (7.7)

where Ψi is the opening angle (see Section 4.1.2) between the
position of the source and the direction of the event, and σi
represents the paraboloid estimator for the event and serves as
an approximation for the the point spread function.

The signal energy PDFSignal energy PDF is derived by simulating an astro-
physical signal with an E−γ spectrum. The energy PDF is then
binned in energy and declination, as shown in the right panel of
Figure 7.1. Each declination slice in the histogram is normalized
to unity and energy in the range between 10 GeV and 10 PeV.
Since the spectral index γ is a free parameter in the likelihood
function (Equation 7.2), these 2D maps have to be generated
for all potential values of γ. In order to speed up the likelihood
evaluation, the energy PDF is pre-evaluated for values of γ
between 1 and 4 in steps of 0.25, and then the grid points are
interpolated using a parabola.

As mentioned beforeSource weighting and stacking , a stacking analysis combines the emis-
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Figure 7.1: Background (left panel) and signal energy PDFs (right panel) for the IC86-2011 season as a function of
energy and declination. The background events are obtained from MC simulations. The signal events are obtained by
simulating events for an E−2 energy spectrum.

sion observed from multiple potential neutrino sources. There-
fore, the total signal PDF in Equation 7.2 will be given by the
sum of the signal PDF of each of the individual sources:

S(xi, γ) =

∑︁Nsources
j=1 ωj · Sj(xi, γ)∑︁Nsources

j=1 ωj

(7.8)

where ωj represents the weight of each of the Nsources sources
(the AGN in this case), and the sum of the weights provides the
correct normalization. The weight ωj describes the relative flux
contribution from each source, that is the expected number of
neutrino events under a certain hypothesis of neutrino produc-
tion which is valid for the entire population. In this way, events
around the object where the largest observable flux is predicted
will have a higher weight in the likelihood fit.

7.1.2 Analysis procedure

The Background trialsaim of the analysis is to calculate the TS value of Equa-
tion 7.1, by comparing the null hypothesis with a signal hy-
pothesis. Pseudo-experiments containing only background and
pseudo-experiments with injected signal are thus generated.
They are generally called trials. The null hypothesis L(ns = 0)
is tested by evaluating the likelihood of Equation 7.2 using a
sample where it is certain that ns = 0, i.e. a background only
sample. In this thesis the background pseudo-experiments are
Monte Carlo-based, meaning that the events are sampled from
the simulated background distributions.

To Signal injectiontest the analysis efficiency and sensitivity, signal events
are then injected from a power law energy distribution E−γ,
corresponding to the signal hypothesis. This is done by gener-
ating a background trial and injecting in it simulated νµ events
according to the spectrum of the signal hypothesis.
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Figure 7.2: Example background
TS distribution using ∼ 16500 tri-
als testing 9749 radio-selected AGN
sources compared to TS distribu-
tion of background trials with an
injected signal of 89 events with
a spectrum of E−2.0. Distributions
such as these are used to establish
the sensitivity of the analysis.

TheTS distribution analysis is then performed multiple times with different
numbers of source events and the TS (see Equation 7.1) is evalu-
ated and maximized. Figure 7.2 compares a background-only TS
distribution with that obtained by injecting 89 neutrino events
with a spectrum of E−2.0. Large TS values correspond to cases
where the signal hypothesis is much more likely than the back-
ground only hypothesis. On the contrary, the more consistent is
the outcome of the analysis to the null hypothesis, the closer the
TS would be to 0, which corresponds to ns = 0. However, due to
statistical fluctuations, even if the null hypothesis is true, the TS
distribution will not result only in a δ-peak around 0, but in a
distribution around it. Statistically, one would expect both over-
fluctuations and under-fluctuations around TS = 0 to happen
about 50% of the time in each direction. Over-fluctuations can
be due to random spatial clustering of high-energy events in the
tested source direction. In the analysis the TS under-fluctuations
are set to 0 because ns < 0 are not allowed by the fit, since they
correspond to unphysical solutions. This is the reason why
there is usually a large peak in the TS distribution at TS = 0, as
shown in Figure 7.3. Therefore, only TS values corresponding
to ns > 0 are expected to fulfil Wilks’ theorem30

30 Wilks’ theorem holds only if the
number of data n → ∞ and the like-
lihood behaves Gaussian in each pa-
rameter.

[176]

[176] Wilks, ‘The Large-Sample
Distribution of the Likelihood Ratio
for Testing Composite Hypotheses’

and thus
to follow a χ2 distribution. The degrees of freedom m of the χ2

distribution depend on the number of parameters in the likeli-
hood function. In this analysis there are two free parameters,
ns and γ. However, these two quantities are partially correlated
since a higher ns requires a softer spectrum to fit the same data,
therefore 1 ≤ m ≤ 2.

TheP-value, sensitivity and discovery
potential

TS distribution is then used to evaluate the p-value of
the analysis. The p-value is the probability of finding a TS
equal or larger than that corresponding to the null hypothesis,
under the assumption that the null hypothesis is true. This
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Figure 7.3: Example background
TS distribution using ∼ 16500 tri-
als testing 9749 radio-selected AGN
sources. Trials with TS ≤ 0 are
shown in gray. The χ2 fit is shown
in red.

analysis evaluates the TS under the hypothesis of neutrinos
produced in the cores of AGN and then compares it with a TS
distribution generated entirely by background trials. The result
of the analysis is expressed in terms of:

Discovery Potential: flux which yields a p-value smaller than
5σ in 50% of the trials of the respective flux;

Sensitivity: flux which creates a p-value smaller than 0.5 in
90% of the trials of the respective flux;

90% C.L. limit: flux which produces a p-value smaller than the
p-value from the analysis on the real data in 90% of the
trials of the respective flux.

7.1.3 Unblinding procedure

The IceCube collaboration follows the procedure of blind analy-
sis. The analysis is first performed, using only simulated events
to test it and calculate the discovery potential and the sensitivity.
After fixing the method and an internal review, the analysis is
unblinded and performed using real data. The p-values are then
calculated using background-only trials.

7.1.4 Analysis software

The analysis has been performed using the Flarestack soft-
ware∗ [177] [177] Stein et al., IceCubeOpen-

Source/flarestack: Titan v2.1.0
, which allows to perform unbinned likelihood anal-

ysis of astroparticle physics data. The code has been modified
for this analysis in order to deal with the large number of
stacked sources. In particular, sparse matrixes have been im-
plemented in order to improve both computation time and
memory consumption.

∗ https://github.com/IceCubeOpenSource/flarestack

https://github.com/IceCubeOpenSource/flarestack
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Table 7.1: Overview of the data
samples used in this analysis and
some characteristics of these sam-
ples. For each sample start date,
livetime and number of observed
events are given.

Season Livetime [days] Events

IC59 353.39 21411
IC79 310.59 36880

IC86-2011 359.97 71191
IC86-2012 331.35 ⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

367590
IC86-2013 360.45
IC86-2014 367.96
IC86-2015 356.18
IC86-2016 340.95

7.2 Datasets

7.2.1 Neutrino dataset

This analysis uses eight years of the ”Northern tracks” IceCube
data sample [175][175] Aartsen et al., ‘Search for

steady point-like sources in the
astrophysical muon neutrino flux
with 8 years of IceCube data’

. The sample only includes muon-neutrinos
coming from the Northern hemisphere (upgoing events), to
reduce the background of atmospheric muons produced in
cosmic-ray air showers. In addition, only events with decli-
nation larger than −5 deg are considered, where the effective
overburden of ice is sufficient to strongly attenuate the flux of
atmospheric muons. Table 7.1 shows a summary of the different
sub-samples used for this analysis. The sample includes two
years from the partially completed detector with 59 and 79
strings (IC59, IC79, see Figure 3.3) and six data taking periods
with the finalized experiment (IC86), for a total livetime3131 Livetime is defined as the time

during which the detector is fully
operational.

of
2780.85 days, containing about 497000 upgoing events at the
final selection level. Figure 7.4 shows the rate of events for the
different seasons. The rate varies for different declinations due
to the declination dependent cuts and to different fraction of
Earth that neutrinos must pass. At the horizon the number of
neutrinos arriving is larger than in the vertical direction since
the effective detector volume is larger.

This sample has been chosen for this analysis because it comes
with a MC background sample, for which the background PDFs
are generated and the background trials calculated, as described
in Section 7.1. In fact, when using large catalogues a bias in the
number of recovered neutrinos has been found, that is caused
by low statistics PDFs if generated from data. A full description
of the problem can be found in Appendix B.

Figure 7.4: Declination distribution
for all the IceCube seasons that are
part of the 8 years Northern Track
sample used for the this analysis.
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AGN Sample Nr. of Sources Weight Completeness

Radio-selected AGN 9749 X-ray flux ∼ 5%
IR-selected AGN 32249 X-ray flux ∼ 11%

LLAGN 15887 X-ray flux ∼ 7%

Table 7.2: Overview of the AGN
samples used in this analysis. For
each sample the number of sources
to stack, the weighting scheme and
the completeness (see Section 6.7)
with respect to the full population
are shown.

7.2.2 AGN samples

The stacking analysis presented in Section 7.1 is performed for
each of the three AGN samples created in Chapter 6. Since the
IceCube dataset used for this analysis only contains neutrinos
at δ > −5 deg, the same cut has been applied also to the AGN
samples. The AGN sources are weighted by their X-ray flux. As
already explained in Section 6.1.1, we can assume that the neu-
trino luminosity is proportional to the accretion disk luminosity
in UV, where the accretion disk emission has its peak. However,
a tight relation between UV and X-ray luminosity has been
observed in AGN, indicating a connection between the primary
radiation from the disk and the X-ray emission from the hot-
electrons corona [151, 152] [151] Lusso et al., ‘The tight relation

between X-ray and ultraviolet
luminosity of quasars’
[152] Steffen et al., ‘The X-Ray-
to-Optical Properties of Optically
Selected Active Galaxies over Wide
Luminosity and Redshift Ranges’

. Therefore, the measured soft X-ray
flux will serve as an estimate for the expected neutrino flux.
Figure 7.5 shows the total X-ray flux as a function of the number
of stacked sources for the three AGN samples. The number of
selected sources corresponds to the brightest sources in terms
of X-ray flux. Table 7.2 summarises the properties of the three
AGN samples used for this analysis. The number of sources
refers to the AGN in the Northern Hemisphere (δ > −5 deg).

Figure 7.5: Integrated X-ray flux as
a function of the number of stacked
sources for the three AGN samples.

7.3 Expected performances

Before unblinding and evaluating the p-value for the three AGN
samples, it is important to estimate how sensitive the analysis is
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Figure 7.6: Comparison of point
source sensitivity and discovery
potential for the brightest source
of each of the three AGN sam-
ples used in this analysis with the
point source limits of the eight
years Northern Track sample. Sen-
sitivity and discovery potential are
shown as flux normalization for an
E−2 source spectrum as a function
of declination. Plot adapted from
[175].

to a signal from each of these catalogues. This involves estimat-
ing the sensitivity and discovery potential by using trials with
injected signal events. First, background events are sampled
from MC simulations to produce background trials, then some
signal is injected by sampling from simulated astrophysical
neutrino events according to a power law spectrum E−γ, with
γ = [2, 2.5]. The likelihood is hence evaluated for the signal and
background events together, as it is done when using data alone.
The process is repeated, injecting the same flux many times to
create a signal TS distribution corresponding to the given flux.
This signal TS distribution is then compared with that of back-
ground only samples to estimate the sensitivity and discovery
potential according to the definitions of Section 7.1.2.

7.3.1 Validation of the analysis

The performance of this analysis is compared with the time in-
dependent point source search using the same IceCube sample
[175][175] Aartsen et al., ‘Search for

steady point-like sources in the
astrophysical muon neutrino flux
with 8 years of IceCube data’

. Since the two analysis use different analysis software, this
test provides an independent cross-check on the correctness
of the results of this analysis. The sensitivity and discovery
potential of the brightest X-ray source in each of the three AGN
samples of this analysis are compared with the point source
limits for the eight years Northern tracks sample. Figure 7.6
shows the results of the comparison for an E−2 source spectrum:
the three brightest AGN sources match the sensitivity and dis-
covery potential curves of the point source search, showing that
this analysis can reproduce the point source limits.
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7.3.2 Energy range

The sensitivity of IceCube depends on the neutrino energy.
For this reason, it is important to determine, for each spectral
index (i.e. for γ = [2, 2.5]), the relevant energy range [Emin, Emax]

where this analysis is mainly sensitive. Outside this energy
range there are few events that contribute little to the TS. In
order to estimate it, we progressively change the energy range
of the injected neutrino signal. The point at which the sensitivity
starts deteriorating indicates the limit for the analysis. The lower
energy bound Emin is determined by varying Emin and only
injecting pseudo-signal events with an energy E > Emin, while
Emax = 10 PeV remains unchanged. Analogously, we determine
the upper energy bound by varying Emax and only injecting
pseudo-signal events with an energy E < Emax, while Emin =
100 GeV remains unchanged. Figure 7.7 shows the results for
γ = [2, 2.5], using 100 sources of the radio-selected AGN sample.
For a spectral index of γ = 2 it is most sensitive in the energy
range [30 TeV, 10 PeV], while for γ = 2.5 the relevant energy
range is [3 TeV, 1 PeV]. We expect the same results to be valid
also for the other two AGN samples and when stacking more
sources, since the sensitivity scales in the same way for the
three catalogues and the neutrino energy is independent on the
number of stacked sources.

Figure 7.7: Sensitivity to the integrated neutrino energy flux in the energy range [100 GeV, 10 PeV] as a function of the
energy cut for 100 sources of the radio-selected AGN sample and γ = 2 (left plot) and γ = 2.5. The blue line shows the
sensitivity when varying Emin bound, while the green line shows the sensitivity for Emin = 100 GeV and Emax = Ecut.

7.3.3 Analysis sensitivity

Figure 7.8 Neutrino energy fluxshows the sensitivity and discovery potential for this
analysis, for neutrinos injected with an E−2 and E−2.5 spectrum.
For each sub-catalogue, the neutrino energy flux is shown as a
function of the number of the stacked sources ordered by bright-
ness in X-ray for the three AGN samples. The neutrino energy
flux is obtained by integrating the neutrino flux normalization
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Figure 7.8: Sensitivity and discovery potential for the three AGN samples for an E−2 (left panel) and E−2.5 source
spectrum. The integrated neutrino energy flux is shown as a function of the number of stacked sources ordered by
brightness in X-ray. The neutrino flux is integrated in the energy range [30 TeV, 10 PeV] for γ = 2 (left plot) and [3 TeV,
1 PeV] for γ = 2.5 (right plot).

ϕ0 at the reference energy E1GeV in the energy range calculated
in Section 7.3.2:

Eν =

∫ Emax

Emin

ϕ0

(︃
E

E1GeV

)︃−γ
EdE (7.9)

where [Emin, Emax] depends on the spectral index γ. By compar-
ing the two panels in Figure 7.8, it is noticeable that the neutrino
energy depends on the assumed spectral index: if a softer spec-
trum is assumed (larger γ), the neutrino energy increases. This
is due to the fact that for a softer spectrum signal/background
separation does no work well anymore and the analysis is less
sensitive.

Figure 7.9: Sensitivity and discovery potential per source for the three AGN samples for an E−2 (left panel) and E−2.5

source spectrum. The integrated neutrino energy flux is normalized by the integrated X-ray flux for each sub-catalogue.
The neutrino flux is integrated in the energy range [30 TeV, 10 PeV] for γ = 2 (left plot) and [3 TeV, 1 PeV] for γ = 2.5
(right plot).

IfNeutrino energy flux per source the integrated neutrino energy is divided by the total X-ray
flux in each catalogue, the expected neutrino flux per source
is obtained. It is shown in Figure 7.9. Comparing these two
plots with those in Figure 7.8, it can be noticed that while the
sensitivity and discovery potential get worse as more sources
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Figure 7.10: Fraction of the diffuse neutrino flux required for a 5σ discovery and for a 90% C.L. sensitivity at different
integrated X-ray flux values. The corresponding number of stacked sources is plotted below. The grey line at 1 shows
the IceCube diffuse neutrino flux for γ = 2 (left panel) and γ = 2.5 (right panel) [149].

are stacked and a higher X-ray flux is required, the same values
get smaller if normalized by the X-ray flux. Therefore, adding
sources improves the discovery potential and sensitivity as
expected for a stacking analysis.

These Sensitivity for the AGN popula-
tion

results apply to the AGN sources accounted for in
the three samples. We would like to extrapolate these results
to the whole AGN population. In order to know how many
neutrinos are expected from the radio galaxies and LLAGN
populations in total, we need to take into account also those
sources not included in our samples. In fact, some sources can
be cut out because of the selections applied for the creation of
the samples, because they are too faint to be detected or because
they fall outside the field of view of the X-ray telescopes. We
can thus use the total X-ray flux expected from all AGN, which
was estimated in Section 6.7 (see Figure 6.23) using the X-ray
luminosity functions.

We Fraction of neutrinos from AGN
cores

can also evaluate what is the sensitivity of the analysis
necessary to constrain the fraction of neutrinos from the AGN
cores. For this purpose we define a new variable, called the
fraction of neutrinos, as:

Fraction of ν =

ν energy flux
X−Ray flux

Total diffuseν energy flux
Total AGN flux

(7.10)

The numerator in Equation 7.10 is the neutrino energy flux
per source shown in Figure 7.9. It is divided by the total neutrino
flux seen by IceCube [149] [149] Stettner, Measurement of the

Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

, normalized to the total X-ray flux
expected at Earth from all the AGN in order to extend the results
of the full AGN population. The neutrino fraction is shown in
Figure 7.10 as a function of the integrated X-ray flux of the
stacked sources. It tells us what fraction of the diffuse neutrino
flux the AGN would have to produce in order for a discovery to
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be made. If the fraction is smaller than 1, we would be capable
of a discovery. The total neutrino flux seen by IceCube is given
by the normalization of the astrophysical muon neutrino flux
from [84] with γ = [2, 2.5], which are the same spectral indexes
used for the neutrino spectra in the analysis. For both spectral
indexes, we can notice that the expected discovery potential
fluxes for the three AGN samples lay above the diffuse neutrino
flux limit, while the fraction of the diffuse flux corresponding
to the sensitivity fluxes goes below the diffuse flux limit. This
indicates that the analysis is going to be able to set constraints
on the two neutrino production models tested in this analysis,
but no discovery is expected.

We can derive what is the fraction of the diffuse neutrino
flux required by each of the three AGN populations in order
for this analysis to be sensitive to the model of neutrino pro-
duction in the cores of radio galaxies by looking at the end
points of the sensitivity curves, which correspond to stacking
all the sources in each sample. For γ = 2, the radio-selected
AGN and IR-selected AGN samples would have to produce re-
spectively ∼ 59% and ∼ 47% of the diffuse neutrino flux. These
plots also show that the sensitivity of the analysis depends both
on the number of stacked sources and on the evolution of the
populations: in fact, even if more sources are stacked in the
LLAGN sample, the fraction of neutrinos required for a dis-
covery is larger than that required for the radio-selected AGN
sample. This is due to their different cosmological evolution:
the LLAGN distribution in the logN-logS plot of Figure 6.23 is
softer, thus it is equivalent to have a smaller fraction of sources
in the sample.
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In this chapter, the unblinding results of the analysis are pre-
sented. First, pre-trial and post-trial p-values are presented

for the three AGN samples in Section 8.1. A description of the
systematic uncertainties of the analysis is given in Section 8.2.
The best-fit spectra and the upper limits on the neutrino flux
from radio galaxies and LLAGN are presented in Section 8.3
and Section 8.4, respectively. Finally, Section 8.5 describes con-
straints on their contribution to the diffuse flux of astrophysical
neutrinos measured by IceCube.

8.1 P-values

As Pre-trial p-valuesdescribed in Section 7.1.2, the p-value is evaluated from the
TS distribution. It estimates the consistency of an experimental
outcome with an hypothesis H0. It describes the probability of
finding an equal or larger TS value than that of the observed
data given H0 is true, where H0 is the null hypothesis that the
event selection is background only. The background is given
by atmospheric muons and neutrinos produced by cosmic-ray
interactions in the atmosphere and from the diffuse astrophys-
ical neutrino background, i.e. the combined flux from all the
astrophysical neutrino sources in which no source can be indi-
vidually resolved. The probability that the tested result could be
due to background alone is equivalent to the fraction of the dis-
tribution above the observed TS value. The p-value is thus given
by p =

∫ ∞

λobs
g(λ, H0), where g is the normalized distribution of

the TS. Since only a limited number of realizations of H0 can be
simulated, in this thesis the integral of the χ2 function which
fits the H0 TS distribution is used instead of the distribution
itself.

The left panels of Figure 8.1, Figure 8.2 and Figure 8.3 show
the TS distribution of H0 and TS values obtained from the
unblinding for the radio-selected AGN, IR-selected AGN and
LLAGN samples, respectively. In each of those plots the χ2

distribution is shown. The TS value for each sample and the
corresponding p-values are shown in Table 8.1, along with the
best-fit parameters: the number of neutrinos ns and the spectral
index γ of the unbroken power-law function used for the fit.
Two out of three tested samples show over-fluctuations, the
largest corresponding to 7.79 × 10−4 (3.16σ) pre-trial p-value for
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Figure 8.1: TS distribution (left panel) and likelihood scan (right panel) for the radio-selected AGN sample. In the TS
distribution the χ2 with the corresponding degrees of freedom m, the TS value and the 5σ threshold are shown. In the
profile likelihood scan, the contours at 1, 2 and 5σ confidence intervals calculated assuming Wilks’ theorem are shown.
The best fit spectrum is point marked with a star.
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Figure 8.2: TS distribution (left panel) and likelihood scan (right panel) for the IR-selected AGN sample. In the TS
distribution the χ2 with the corresponding degrees of freedom m, the TS value and the 5σ threshold are shown. In the
profile likelihood scan, the contours at 1, 2 and 5σ confidence intervals calculated assuming Wilks’ theorem are shown.
The best fit spectrum is point marked with a star.
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Figure 8.3: TS distribution (left panel) and likelihood scan (right panel) for the LLAGN sample. In the TS distribution
the χ2 with the corresponding degrees of freedom m, the TS value and the 5σ threshold are shown. In the profile
likelihood scan, the contours at 1, 2 and 5σ confidence intervals calculated assuming Wilks’ theorem are shown. The
best fit spectrum is point marked with a star.

the IR-selected AGN population. The right panels of Figure 8.1,
Figure 8.2 and Figure 8.3 show the number of neutrinos and
spectral indices obtained by maximising the delta log-likelihood
∆ log(L/L0), assuming an unbroken power-law spectrum.
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Table 8.1: P-values (and corresponding significances) for the integrated search using an unbroken power law and one
spectral index over the full energy range for three AGN samples. The TS values and corresponding best-fit parameters
ns (number of neutrinos) and γ (spectral index) are also shown.

Radio-selected AGN IR-selected AGN LLAGN

TS 2.39 7.56 0.81
ns 53 105 35
γ 2.03 1.94 1.96

Pre-trial p-value

0.02 (2.01σ) 7.79 × 10−4 (3.16σ) 0.07 (1.48σ)
[0.02 (2.05σ)] [8.22 × 10−4 (3.15σ)] [0.08 (1.38σ)]

Post-trial p-value 0.07 (1.52σ) 2.33 × 10−3 (2.83σ) 0.25 (0.66σ)

Due Trial-factor correctionto the number of test scenarios, a trial-factor correction
has to be applied before interpreting the unblinding results
[178, 179] [178] Gross et al., ‘Trial factors for

the look elsewhere effect in high
energy physics’
[179] Choudalakis, ‘On hypothesis
testing, trials factor, hypertests and
the BumpHunter’

. The trial-factor takes into account that performing
many experiments which individually have a low chance of
success is likely to contain at least one successful result, purely
due to the large number of trials. The computation of the trial-
factor is easy in case of independent experiments but requires
more effort in the case where the different experiments are
correlated, as for this thesis. In fact, the three tested AGN
samples have some overlap. Figure 8.4 shows the number of
sources in common between the three samples. The overlap
between IR-selected AGN and radio-selected AGN is about 17%.
The LLAGN sample is completely included in the IR-selected
AGN sample and overlaps with ∼ 27% of the radio-selected
AGN sources.

Figure 8.4: Visualization of the
source overlap between the dif-
ferent AGN samples. The num-
ber of sources in common is de-
rived via positional cross-match
within 60 arcsec search radius. The
LLAGN sample is completely in-
cluded into the IR-selected AGN
sample by construction.

However, in order to take into account correctly the correla-
tion between the three AGN samples it is necessary to generate
O(104) background trials for each sample. Given the computing
time required for this procedure, we opted for a more conserva-
tive approach based on the Bonferroni correction method [180]

[180] Bonferroni, Teoria statistica
delle classi e calcolo delle probabilità.
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This approach results in a larger post-trial factor which reduces
the significance of the results of the analysis, since it assumes
that the number of independent tests is the largest possibile,
i.e. the number of tested samples. Based on this method, the
post-trial p-value can be calculated for each of the three AGN
samples using the following formula:

ppost−trial = 1 − (1 − ppre−trial)
n. (8.1)

This equation takes into account only the number of tests n,
which for this analysis is given by the number of the tested
samples, i.e. n = 3. The ppost−trial and ppre−trial represent the post-
and pre-trial p-values, respectively. The final post-trial p-values
are shown in Table 8.1.

8.2 Systematic uncertainties

As explained in Section 8.1, the p-values for the tested hy-
potheses are determined with simulated pseudo-experiments
assuming only background. These experiments are generated
using the full detector MC simulation. However, the calculation
of the absolute neutrino flux normalization based on Monte
Carlo simulations is affected by systematic uncertainties. These
uncertainties influence the reconstruction performance and the
determination of the effective area. The dominant uncertain-
ties are the absolute optical efficiency of the Cherenkov light
production and detection in the DOMs [63]

[63] Abbasi et al., ‘Calibration and
characterization of the IceCube
photomultiplier tube’

, the optical proper-
ties (absorption, scattering) of the South Pole ice [68]

[68] Aartsen et al., ‘Energy recon-
struction methods in the IceCube
neutrino telescope’

, and the
photo-nuclear interaction cross sections of high energy muons
[181–186]

[181] Bezrukov et al., ‘Nucleon
shadowing effects in photonuclear
interactions’
[182] Bugaev et al., ‘Photonuclear
interaction of high energy muons
and tau leptons’
[183] Bugaev, ‘Propagation of
τ-neutrinos and τ-leptons through
the Earth and their detection in un-
derwater/ice neutrino telescopes’
[184] Abramowicz et al., ‘A
parametrization of σT(γ

∗p) above
the resonance region for Q2 ≥ 0’
[185] Abramowicz et al., ‘The
ALLM parameterization of
σtot(γ

∗p) - an update’
[186] Koehne et al., ‘PROPOSAL:
A tool for propagation of charged
leptons’

. All these uncertainties result in a total systematic
error of ±10.5% for the (νµ + ν̄µ) - flux normalization [175]

[175] Aartsen et al., ‘Search for
steady point-like sources in the
astrophysical muon neutrino flux
with 8 years of IceCube data’

. In
the following, this uncertainty value is not included in any of
the figures and tables.

Given the larger statistics, p-values calculated using MC sim-
ulations are less affected by statistical fluctuations that would
occur when estimating p-values from scrambled experimental
data. However, TS distributions generated by MC simulations
include atmospheric but not astrophysical events. Therefore, it
could be possible that during the unblinding of this analysis the
diffuse flux was observed rather than signal from AGN cores.
As a cross check, p-values are also calculated using scrambled
experimental data. These p-values are given for comparison
in squared brackets in Table 8.1. It can be seen that for each
of the three samples the significance changes by < 0.1σ. We
find that the two methods show very similar results confirming
the absence of systematic biases in the search for a signal from
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Figure 8.5: Best-fit spectrum for the neutrino flux from radio-selected and IR-selected AGN samples in comparison to
the observed astrophysical diffuse neutrino flux. A power law has been assumed as the spectral shape. The combined
diffuse neutrino flux results from [148] and [149] are plotted as a differential flux unfolding with the 2σ contours. The
best-fit 1σ contours do not include the systematic uncertainties. The right panel includes the completeness factor that
takes into account the flux from unresolved sources.

AGN cores.

8.3 Best-fit neutrino spectrum

Since the radio-selected and IR-selected AGN samples show the
largest excesses and test the same AGN core model, best-fit spec-
tra have been derived for them. In Figure 8.5 they are plotted
as quasi-diffuse flux in units of intensity. The quasi-diffuse flux
is obtained by dividing the summed flux from all tested AGN
by 4π. All results in the following sections will be presented
in these units. The best-fit spectra for the radio-selected and
IR-selected AGN samples are corrected by the completeness
factor to take into account the flux from unresolved sources
and extend the results to the entire population of luminous
AGN (see Section 6.7). After applying this correction factor, the
fluxes from the two samples are comparable, compatible with
the same AGN population. The results are also compared to
the observed astrophysical diffuse neutrino flux from [148]

[148] Aartsen et al., ‘A combined
maximum-likelihood analysis of
the high-energy astrophysical
neutrino flux measured with
IceCube’

and
[149] [149] Stettner, Measurement of the

Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

.

8.4 Flux upper limits

Given the inconclusive level of significance for all samples,
also 90% C.L. upper limits are calculated. The upper limits
are calculated in a similar way to the sensitivity described in
Section 7.1.2. The difference is that instead of injecting a mean
signal until 90% of trials result in a TS which surpasses the
median of background TS distribution, the TS threshold is



120 8 Results

Table 8.2: 90% upper flux limits on the (νµ + ν̄µ)-flux for the three AGN samples assuming an E−2 and E−2.5 power-law

spectrum, respectively. Fluxes are given as Φ90%
0

(︂
E

E100 TeV

)︂−γ
, the normalization factor Φ0 is shown in the table.

Spectrum AGN class

Φ90%
0 × 10−18 [GeV−1 s−1 cm−2 sr−1]

w/o completeness w/ completeness

Φ0 ·
(︁

E
100 TeV

)︁−2.0
Radio-selected AGN 0.05 0.96

IR-selected AGN 0.12 1.08
LLAGN 0.05 0.74

Φ0 ·
(︁

E
100 TeV

)︁−2.5
Radio-selected AGN 0.12 2.37

IR-selected AGN 1.02 9.33
LLAGN 0.17 2.60

raised to be the unblinded TS value in the given source. The
upper limits are given as quasi-diffuse fluxes in intensity units
(see Section 8.3).

The upper limits for all three AGN stacking searches are
shown in Table 8.2 for γ = [2.0, 2.5]. The upper limits on the
flux for the corresponding three AGN populations are also
shown, correcting for the in-completeness (see Section 6.7).
Figure 8.6 and Figure 8.7 show the resulting upper limits on
the neutrino flux of the radio-selected AGN, IR-selected AGN
and LLAGN for power-law spectra with spectral indices 2.0 and
2.5, respectively. The upper limits extend over the energy range
obtained in Section 7.3.2. The IceCube diffuse flux from [148]

[148] Aartsen et al., ‘A combined
maximum-likelihood analysis of
the high-energy astrophysical
neutrino flux measured with
IceCube’

and [149]

[149] Stettner, Measurement of the
Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

is shown for comparison.

8.5 Contribution to the diffuse

astrophysical neutrino flux

In order to study the contribution of the cores of luminous and
low-luminosity AGN to the observed diffuse neutrino signal
[148, 149], two spectra with spectral index of γ = 2.0 and 2.5
have been simulated. The spectrum of E−2.5 is chosen to mimic
the observed diffuse flux from [148], while the harder spectrum
E−2.0 is chosen to be as close as possible to the best-fit gammas
for the three populations and to the currently measured spectral
index of γ = 2.28 from [149]. The flux normalization factors
Φ0 calculated at 100 TeV for the three AGN samples shown in
Table 8.2 have been compared with that of [148, 149], shown in
Table 8.3. All results are corrected for flux completeness and
are thus valid for all luminous and low-luminosity AGN in the
observable universe.

When comparing the flux normalization factor at 100 TeV for
E−2.0 of [148], we find that the 90% upper limits contribution
on the diffuse flux is 43% for the radio-selected AGN, 48% for
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Figure 8.6: Upper limits on the (νµ + νµ̄)-flux for the three AGN samples (left plot) and the corresponding AGN
populations (right plot), assuming an E−2.0 energy spectrum in the energy range between 30 TeV and 10 PeV.
Systematics uncertainties are not included. The diffuse flux measurements with the 2σ contours from [148], assuming
an equal ratio of flavours arriving at Earth, and from [149] are also shown.

Figure 8.7: Upper limits on the (νµ + νµ̄)-flux for the three AGN samples (left plot) and the corresponding AGN
populations (right plot), assuming an E−2.5 energy spectrum in the energy range between 3 TeV and 1 PeV. Systematics
uncertainties are not included. The diffuse flux measurements with the 2σ contours from [148], assuming an equal
ratio of flavours arriving at Earth, and from [149] are also shown.

Spectrum Measurement

Φ0 × 10−18

[GeV−1 s−1 cm−2 sr−1]

Φ0 ·
(︁

E
100 TeV

)︁−2.0 Aartsen et al. 2015 0.72
ICRC 2019 0.76

Φ0 ·
(︁

E
100 TeV

)︁−2.5 Aarten et al. 2015 2.23
ICRC 2019 1.36

Table 8.3: Flux normalization fac-
tors of the (νµ + ν̄µ)-diffuse flux
measured by IceCube in [148]
(Aartsen et al. 2015) and [149]
(ICRC 2019). The flux are given as

Φ0

(︂
E

E100 TeV

)︂
calculated at 100 TeV

for the E−2 and E−2.5 power-law
spectra.
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the IR-selected AGN and 33% for the LLAGN. However, since
the best-fit spectral index for the diffuse neutrino flux found in
[148][148] Aartsen et al., ‘A combined

maximum-likelihood analysis of
the high-energy astrophysical
neutrino flux measured with
IceCube’

is 2.5, we compare upper limits with the same index. In
this case, we find that the 90% upper limits contribution on the
diffuse flux is 106% for the radio-selected AGN, 418% for the
IR-selected AGN and 116% for the LLAGN.

When comparing the AGN upper limits to the diffuse flux
measured in [149][149] Stettner, Measurement of the

Diffuse Astrophysical Muon-Neutrino
Spectrum with Ten Years of IceCube
Data

for γ = 2, we find that the radio-selected
AGN contribute up to 67%, the IR-selected AGN up to 75% and
the LLAGN to 51%. These percentages increase when using
the E−2.5 spectrum, and do not constrain the diffuse flux in a
relevant way.

However, since for the radio-selected and IR-selected AGN
populations we were able to calculate best-fit spectra, we should
compare those values with the diffuse flux for γ = 2.0. We find
that the radio-selected AGN population contributes 33+27

−23%
and 52+42

−36% of the diffuse flux at 100 TeV calculated by [148]
and [149], respectively. 34+16

−14% and 52+24
−22% of the diffuse signal

at 100 TeV measured by [148] and [149] respectively can be
explained by the IR-selected AGN population. As expected, the
contribution from the two samples are in accordance, since they
represent the same AGN population.

Considering the most stringent constraints, we can thus state
that the LLAGN population produces less than ∼ 51% of the
diffuse flux if a hard spectrum is assumed. i.e. γ = 2. This
value increases up to ∼ 116% when assuming a softer spec-
trum. The cores of luminous AGN can explain ∼ 83% of the
latest measured diffuse flux for a spectral index of γ = 2.0 at
100 TeV.

These values are in accordance with previous IceCube analy-
sis, since they can not explain the full IceCube neutrino flux. For
instance, it has been shown by [187]

[187] Huber, Searches for steady
neutrino emission from 3FHLblazars
using eight years of IceCube data from
the Northern hemisphere

that the Fermi-LAT blazars
can not explain more than 17% of the diffuse astrophysical flux,
while GRBs contribute to less than 1% [113]

[113] Aartsen et al., ‘The contri-
bution of Fermi-2LAC Blazars to
diffuse TeV–PeV neutrino flux’

and the maximal
contribution of type Ib/c and IIn Supernovae are 12.8% and
27.5%, respectively [188]

[188] Stasik, ‘Search for High
Energetic Neutrinos from Core
Collapse Supernovae using the
IceCube Neutrino Telescope’

.
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The discovery of an astrophysical neutrino flux in 2013 and

of compelling evidence for a blazar being a source of high-
energy neutrino in 2017 are two milestones in the era of high-
energy neutrino astronomy. However, the sources responsible
for the emission of the majority of the detected astrophysical
neutrinos are still unknown. Besides the construction of larger
detectors and the accumulation of additional data, it is im-
portant to refine the existing analysis methods and to study
more classes of objects that could be responsible for neutrino
production.

The technical part of the thesis addresses one of these issues
by the development of an improved angular reconstruction for
muons. The present best-performing directional reconstruction
of the muon track in IceCube is a maximum likelihood method
which uses the arrival time distribution of Cherenkov pho-
tons registered by the experiment’s photomultipliers. Known
systematic shortcomings of this method are to assume con-
tinuous energy losses along the muon track, and to neglect
photomultiplier-related effects such as prepulses and after-
pulses. In this thesis a new reconstruction method has been
developed called SegmentedSplineReco, that models the stochas-
tic losses in the likelihood by equidistant electromagnetic show-
ers along the track. For all track topologies and energies, it
improves the angular resolution. The improvement increases
with energy as the stochastic modelling of the muon becomes
more important. In the reconstruction scheme developed for
this thesis, the expected arrival time distribution is now pa-
rameterized by a predetermined stochastic muon energy loss
pattern. It explicitly models the stochastic losses in the likeli-
hood by equidistant electromagnetic showers along the track.
For all track topologies and energies, it improves the angu-
lar resolution. The improvement increases with energy as the
stochastic modelling of the muon becomes more important. For
through-going tracks the improvement starts from about 50 TeV
upwards, reaching up to 10-20% at 15 PeV energies. For starting
tracks, the improvement is much more pronounced and larger
than a factor of 2 above 100 TeV.

The second part of this thesis aims at testing the correlation
between the cores of AGN and eight years of IceCube neu-
trino data. AGN are considered promising potential sites for
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high-energy neutrino production as they are among the most
powerful emitters of radiation in the known Universe. The most
popular scenario for neutrino production is in relativistic jets,
as these jets dominate the gamma-ray sky. However, it has been
shown that the gamma-ray blazars can only be responsible for
a small fraction of the observed cosmic neutrino flux. Alterna-
tively, sites of hadronic acceleration must avoid over-producing
detectable gamma-ray emission, and in this contest obscured
sources are favoured. High-energy neutrino emission from the
cores of AGN would satisfy this constraint with both the pp
and pγ scenarios. Two models have been tested in this thesis:
one predicts neutrinos from the geometrically thin, optically
thick accretion disks of luminous AGN, the second one pre-
dicts neutrinos from the RIAF of LLAGN. In order to test these
two models, three AGN samples have been complied using
multi-wavelength data. A positional cross-match has been per-
formed between two X-ray catalogues (2RXS and XMMSL2) and
the NVSS radio and the IR ALLWISE catalogues to obtain the
radio-selected and IR-selected AGN samples, respectively, for
which X-ray data is available. These two samples contain pre-
dominantly luminous AGN with a geometrically thin, optically
thick accretion disk and are thus used to test the first model. A
LLAGN sample has also been created as a sub-sample of the
IR-selected AGN sample by considering only sources that are
classified as Seyfert galaxies, since they usually have a RIAF
accretion disk.

The analysis uses an unbinned likelihood stacking, which
treats all sources of a given population as a single effective
neutrino source. The contribution of each source is weighted
by its X-ray flux as a proxy for the neutrino flux. This study
represents the largest AGN stacking search for neutrinos that
has ever been performed, with more than 104 sources in each
sample.

Two of the three AGN samples tested in this analysis show
over-fluctuations, with the highest significance being of 3.16σ
pre-trial and of 2.83σ after trial correction for the IR-selected
AGN sample. If this over-fluctuations indeed originate from
neutrinos from AGN cores, the luminous AGN population
contributes ∼ 52% of the diffuse flux measured by IceCube at
100 TeV. For the LLAGN sample, where a post-trial significance
of only 0.66σ was found, upper limits on the (νµ + νµ̄)-flux have
been calculated, assuming an E−2 and E−2.5 power law spectrum
for the astrophysical flux and an equal composition of neutrino
flavours arriving at Earth. For E−2, the contribution of the cores
of LLAGN to the diffuse TeV-PeV diffuse neutrino flux must be
less than ∼ 51%.
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This result represents the largest over-fluctuation ever found
in IceCube for a specific astrophysical population. This is not in
contradiction to previous results, since the cores of luminous
AGN can explain up to ∼ 52% of the diffuse flux observed by
IceCube for a spectral index of γ = 2.0. This confirms that the
diffuse flux can not be explained only by one type of astro-
physical objects but that it is rather given by more classes of
sources.

To firmly establish that AGN cores are production sites of
neutrinos, more IceCube data are necessary. Moreover, better
sensitivity could be achieved by taking advantage of the im-
proved pointing accuracy obtained from the new reconstruction
method presented here. In fact, a better angular resolution and
error estimation would improve the neutrino signal PDF, trans-
lating into better sensitivities and discovery potential for point
source searches.
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Prepulses A
The measurement of the arrival times of photons on the

PMTs is crucial since it affects the accuracy of the event
reconstruction of muon tracks (see Chapter 4). The time resolu-
tion of the IceCube PMTs is ∼ 2 ns, but it can be deteriorated
by the presence of out of time pulses, such as prepulses, late
pulses or afterpulses. In particular, prepulses precede the main
ones and therefore directly affect the track reconstruction using
the MPE likelihood, that is based on the hit time of the first
photoelectron. In the following a study of the effect of prepulses
on the photon arrival time PDF and their parametrization in
the SplineMPE and SegmentedSplineReco reconstructions are
presented.

Prepulses

Figure A.1: Prepulse creation in a
PMT.

Prepulses [105] [105] Lubsandorzhiev et al., ‘Stud-
ies of prepulses and late pulses
in the 8” electron tubes series of
photomultipliers’

occur if a photon passes through the photo-
cathode without interaction and directly hits the first dynode
(Figure A.1). Since the speed of a photon in the space between
the photocatode and the first dynode is higher than the speed
of a photoelectron created at the photocatode, the electron
avalanche created by this photon will arrive earlier at the anode,
thus creating a prepulse. The time interval between prepulses
and main pulses is almost equal to the transit time of the pho-
toelectrons from the photocathode to the first dynode.

Figure A.2 Prepulses in IceCubeshows the appearing of a prepulse in an IceCube
PMT (serial number SA2747), when it is illuminated with high
intensity light (210, 000 PE) [63] [63] Abbasi et al., ‘Calibration and

characterization of the IceCube
photomultiplier tube’

. The prepulse is formed ∼

30 ns before the main pulse. This time advance depends on the
voltage between cathode and anode and thus on the applied
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Figure A.2: Average waveforms
observed in PMT serial number
SA2747 for 3 ns (FWHM) light
pulses with progressively higher in-
tensity: (a) main peak; (b) secondary
peak due to unusual electron tra-
jectories; (c) pre-pulse. Figure from
[63].

voltage at the PMT, according to:

t = −31.8 ns

√︄
1345 V
Vsupply

. (A.1)

The average charge per prepulse is ∼ 1/20 of the SPE pulse size
and the quantum efficiency of a prepulse electron relative to
that of a PE is 0.007. The probability of a pulse to be a prepulse
if ∼ 0.003. Even if the amplitude of prepulses is much lower that
the main pulses, the summed effect of many such pulses during
a particle event can have an important effect on timing.

TheEffect of prepulses on
reconstruction

presence of prepulses in an IceCube event can deteriorate
the time response, since the likelihood used for reconstruction
depends on the time (see Section 4.1.2). In particular, the effect
of prepulses is expected to be larger for the MPE likelihood
(Equation 4.12), since it uses the hit time of the first photo-
electron. Figure A.3 shows how the PDF for the arrival times
of photons at the locations of the hit DOMs changes when a
prepulse occur. In Figure A.3a the SPE probability for a single
photon is plotted as function of the time residual, for different
distances between track and DOM. The higher the distance
between track and DOM, the wider is the PDF distribution.
If prepulses are present the PDF is shifted towards negative
time residuals. The same effect is visible in Figure A.3b, where
the MPE PDF is plotted as function of the time residual, with
and without prepulses for different numbers N of photons (in
different colors). The MPE PDF collapses to a delta function as
N goes to infinity, and the effect of prepulses is larger in this
case.

Since prepulses change the probability distribution function



131

(a) Single-Photoelectron PDF (b) Multi-Photoelectron PDF

Figure A.3: Photon arrival time distribution function modified to include the effect of the prepulses. In Figure A.3a
the SPE PDF with (dotted line) and without (solid line) prepulses is shown for different distances between track and
DOM. Figure A.3b shows how the MPE PDF with (dotted line) and without (solid line) prepulses changes for a track
60 m away from the DOM when the number detected photons change.

p(tres), they might affect the angular resolution of the exper-
iment. In order to see how big this effect is, IceCube-Gen2
simulations have been performed including the effect of pre-
pulses35 35 Prepulses are simulated in

the PMTResponseSimulator taking
the default probability of a hit
(I3MCHit) being a prepulse to be
0.003 and the weight to be 1/20 that
of an ideal SPE. For the timing of
the prepulses, Equation A.1 is used.

. Both the standard and the ideal simulations presented
in Appendix D have been performed removing the prepulses
from the detector simulation. The results are shown in Figure
A.4 and Figure A.5, where the median angular error is plotted
as function of the energy and of the azimuth angle of the muon,
respectively. In both the ideal (left panel) and the standard
(right panel) simulation, it is clear that removing the prepulses
improves the angular resolution in IceCube-Gen2. As expected,
the effect of the prepulses is larger at higher energies. Remov-
ing the prepulses can give an average improvement of ∼ 15%,
especially at high energy. Also, the observed flattening at high
energies seems to be reduced without prepulses.

The Parameterization of prepulses in
the likelihood

PDF (and CDF) of Equation 4.12 used in SplineMPE and
SegmentedSplineReco has been modified in order to include
the effect of the prepulses:

p1(tres) =
p1,noPP(tres) + p1,PP(tres + tPP delay) · 0.003

1.003
, (A.2)

where p1,noPP is the PDF for a normal pulse, while p1,PP is the PDF
of a prepulse. For the prepulses, the residual time is modified in
order to take into account the delay time of the prepulses. The
two PDFs are weighted by the normalised probability of hav-
ing a normal pulse and of creating a prepulse. Figure A.4 and
Figure A.5 show the angular resolution for the Ideal and the
standard IceCube-Gen2 simulations when the prepulse recon-
struction is applied to SplineMPE. In both cases, the modified
reconstruction reproduces the improvements expected from the
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simulations without prepulses.

(a) IceCube-Gen2 ideal simulation (b) IceCube-Gen2 standard simulation

Figure A.4: Median opening angle as function of the energy of the MC muons for an Ideal (left) and a standard full-sky
IceCube-Gen2 (right) simulation, integrated over all angles. The SplineMPE angular resolution of the simulation
without prepulses (blue line) is compared to the results of the simulation that includes the generation of prepulses in the
detector simulator (green line). The red line shows the results of the SplineMPE reconstruction with the parametrization
of the prepulses in the likelihood.

(a) IceCube-Gen2 ideal simulation (b) IceCube-Gen2 standard simulation

Figure A.5: Median opening angle as function of the azimuth of the MC muons for an Ideal (left) and a standard
(right) full-sky IceCube-Gen2 simulation. The SplineMPE angular resolution of the simulation without prepulses (solid
line) is compared to the results of the simulation that includes the generation of prepulses in the detector simulator
(dotted line). The dashed line shows the results of the SplineMPE reconstruction with the parametrization of the
prepulses in the likelihood.

However, when the prepulse reconstruction is applied to Ice-
Cube simulations, no improvements are visible. This is due
to the fact that DOM waveform digitizers are triggered when
the signal reaches about 0.25 times the typical SPE peak am-
plitude, after which the PMT output waveform is digitized
for up to 6.4 µs [63][63] Abbasi et al., ‘Calibration and

characterization of the IceCube
photomultiplier tube’

. In order to get a prepulse, a charge of
Q = 0.25 · 1/0.003 · 20 ≃ 1675 PE is thus expected, corresponding
to ∼ 13.5 V. This number of PE is highly unlikely to be produced
in a muon track event. In addition, the waveform is digitized
only 20 ns prior to the discriminator, thus prepulses will not
be digitized. In the IceCube-Gen2 simulations the DOM main-
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board is not simulated, therefore there is no trigger, digitizer or
pulse folding. For this reason, the prepulses have an effect on
the IceCube-Gen2 events but not on IceCube simulations and
data.





Figure B.2: ns bias for the ten years
PS sample after removing the IC40
season (green band) and using the
new PDF (violet band).

Stacking analysis: ns bias

for large catalogues B
A way to verify if the stacking analysis presented in Chap-

ter 7 is performing correctly is to check whether the num-
ber of injected neutrinos is recovered by the fit. The expected
behaviour is to obtain the same number of injected signal.

While performing the stacking analysis to test the correlation
between high-energy neutrinos and the cores of radio-selected
AGN, a bias in the number of recovered neutrinos ns was found:
the number of fitted neutrinos was significantly lower than the
expected values. The bias was found when running the analysis
with ten years of IceCube data [174] [174] Aartsen et al., ‘Time-

Integrated Neutrino Source
Searches with 10 Years of IceCube
Data’

. The bias is shown by the
blue line in Figure B.1, where 13972 radio-selected AGN are
stacked using ten years of the Point Source sample [174].

Figure B.1: ns bias obtained when
stacking 13972 radio-selected AGN
with ten years Point Source (PS)
sample (in blue) and 9749 AGN
with the eight years Northern
Tracks (NT) sample (in orange). The
dashed line shows the expected be-
haviour.

The problem arises when large catalogues (O(103 −104) sources)
are used and seems to be due to low statistics PDFs constructed
from data. In fact, as shown in Figure B.2, the bias is weaker
if the IC40 season is removed from the ten years Point Source
dataset or when the data are binned on a coarser grid for the
creation of the PDFs of IC40. During the IC40 season, only 40
strings were used and therefore it is the dataset with the lower
number of events in the Point Source sample. As shown in
Figure B.3, the signal over background PDFs for IC40 has been
modified by changing the binning: the number of bins for both
energy and declination has been halved, reducing the points
where the signal over background PDF is zero. The benefit of
the new binning scheme is evident in Figure B.4, showing the
ns bias when the analysis is run using only the IC40 dataset.
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With the standard binning, the number of recovered neutrinos
is larger than the expected ones if a small number of neutrinos
is injected. This bias disappears when using the new binning
scheme.
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(a) Standard binning
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(b) New binning

Figure B.3: Ratio of signal and background PDFs for the IC40 dataset of the 10 years Point Source sample using the
standard binning (left plot) and the new binning (right plot) where both energy and declination bins are halved. An
E−2 energy spectrum is assumed for the signal.

Figure B.4: ns bias for the IC40 sea-
son of the ten years PS sample af-
ter removing with the standard bin-
ning (green band) and using the
new binning (violet band) where
both energy and declination bins
are halved.

The hypothesis that the issue is connected to the PDFs is
confirmed by the fact that it disappears if the eight years North-
ern Tracks dataset is used, as shown in Figure B.1. This is
because in the Northern Tracks sample the background PDF
is estimated using MC simulations. As already explained in
Chapter 7, there are two ways to construct the background
PDF: by randomizing (“scrambling”) the right ascension of data
events, or by simulating the background. The advantage of the
scrambling method is that one does not relay on the background
MC simulations, which can be very time consuming in the case
of downgoing muons. It also has the benefit that the overall
shape of the background PDF is correctly described and the
different backgrounds (i.e. atmospheric neutrinos and atmo-
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spheric muons) between northern and southern hemispheres
are already accounted for, as well as the detector systematics.
In fact, if not correctly modelled, these backgrounds can lead
to potential biases in the MC simulations. On the other hand,
the data scrambling method reduces the sensitivity to the high
energy tail of the energy PDF, since any existing signal events
are included in the background PDF. This effect gets larger
the more signal events are present in the data with respect to
background events.
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(a) Ten years Point Source sample

0.0 0.2 0.4 0.6 0.8 1.0
sin( )

2

3

4

5

6

7

lo
g(

En
er

gy
 [G

eV
])

4

2

0

2

4

lo
g(

Si
gn

al
/B

ac
kg

ro
un

d)

(b) Eight years Northern Tracks sample

Figure B.5: Ratio of signal and background PDFs for the IC86 2011 dataset of the 10 years Point Source sample (left
plot) and the 8 years Northern Track sample (right plot). An E−2 energy spectrum is assumed for the signal.

Additionally, low statistics in the data can lead to points in
the energy-declination space where the background PDF is zero.
This is shown in Figure B.5, that compares the ratio of signal
and background PDFs for the IC86 2011 dataset, using the ten
years Point Source sample and the eight years Northern Track
sample. The Point Source dataset is characterized by empty bins,
while the Northern Track sample covers the entire grid since
the background PDF is calculated from MC simulations and
therefore defined everywhere. If both signal and background
histograms are empty, this is not a problem since no evaluation
is required in that bin ever. However, if only the background
PDF is empty, this would mean division by zero. Moreover, if
the background PDF is zero, it does not imply that the region is
background free but it is rather due to limited statistics, since it
is calculated by scrambling experimental data. This issue arises
only when signal events are injected, but not when performing
the analysis on real data, since in that case the background PDF
is generated from the full dataset and thus is not required to
be evaluated at empty regions in the background histogram.
When the bin is empty, one background event is assumed.

The bias seen in this analysis is thus caused by the fact that
the more sources are stacked, the higher is the probability of
injecting events in places where the signal-to-background PDF
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is not well defined. This issue disappears when using the North-
ern Tracks dataset since the background PDF is calculated from
simulations and there are not empty bins. As a consequence
of this bias, the performance of the analysis improves when
using the eight years Northern Track sample, as it can be seen
in Figure B.6, where the sensitivity and discovery potential per
source are plotted for the two datasets. Hence, the Northern
Tracks dataset is going to be used for the analysis presented in
Chapter 7.

Figure B.6: Ratio of neutrino energy
flux and integrated X-ray flux as
a function of the number of X-ray
brightest stacked sources for the ten
years PS sample (dark blue) and the
eight years NT sample (light blue).
The analysis is run using the radio-
selected AGN sample.



IceCube Muon Benchmark

datasets C
In this thesis the Muon Benchmark datasets have been used to

compare the different reconstruction algorithms. They consist
of 800 events each between 1 TeV and 10 PeV (200 events per
energy bin: 1 − 10 TeV, 10 − 100 TeV, 100 TeV−1 PeV, 1 − 10 PeV),
with different selection criteria.

The SplineReco-optimized eventsfirst dataset contains events that pass quality cuts (so-
called NDir/LDir cuts38 38 The exact cuts are LDir ≥ 600

and NDir ≥ 8.
, see [110]

[110] Aartsen et al., ‘All-sky Search
for Time-integrated Neutrino
Emission from Astrophysical
Sources with 7 yr of IceCube Data’

for more information) based
on SplineReco which to some extent mimics events that are
usually found on the final analysis selections used in IceCube.
Through this thesis they are referred to as SplineReco-optimized.
Events with large stochastic losses typically obtain low NDir/LDir
values with SplineReco. These events subsequently do not pass
the cuts and should be mostly absent in this selection.

The Starting eventssecond dataset (Starting events) is based on a geometrical
selection and contains only muon tracks that start in the detector
volume and have a minimal track length of 400 m.

The Through-going eventsthird dataset (Through-going events) is based on a geomet-
rical selection as well and contains only through-going muon
tracks with a minimal track length of 700 m.

Figure C.1 shows the distribution of the azimuth and zenith
for the three datasets. Reconstruction performances are pre-
sented in Chapter 3 and Chapter 4.

Figure C.1: Cosine azimuth and zenith distributions for the three Muon Benchmark datasets.
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Figure D.1: IceCube-Gen2 simula-
tion chain.

IceCube-Gen2 Simulations D
In this thesis two IceCube-Gen2 simulations have been used: a

Standard Simulation and an Ideal Simulation. They both use the
“sunflower" geometry (see Figure 3.17) and double efficiency
of the DOMs in order to simulate the response of the new
generation of IceCube DOMs, to be used for IceCube-Gen2.

Figure D.1 shows the simulation chain for the Standard Simu-
lation. The muon flux is simulated using the MuonGun package,
with a weighted spectrum of E−1.4 between 3 TeV and 100 PeV.
The propagation of light in the ice is performed using the CLSim
simulation package, with the SpiceLea ice model. It follows the
generation of the PEs at the PMTs and the simulation of the
DOM response. In the detector simulation of IceCube-Gen2, the
DOM mainboard is not simulated, therefore there is no trigger,
digitizer or pulse folding. After a pulse cleaning (processing),
the reconstruction is performed using the SplineMPE algorithm
with default settings.

The Ideal Simulation is a simulation using the same hypoth-
esis of the reconstruction, that is a smooth track (continuous
energy losses) with correct timing. It is performed following
the same steps of Figure D.1, with the exception of the creation
of the PEs. In fact, the time of each simulated PE is redrawn
from the spline tables used for the SplineMPE reconstruction,
without changing their number and amplitude. In this way, the
timing distribution of the simulated hits is replaced with one
that exactly matches the reconstruction hypothesis. The time
distribution of the hits is like a smooth muon. Therefore, the sys-
tematic uncertainties (due to ice model and muon energy loss
parametrization) between the reconstruction and the detailed
hypothesis are removed. This allows to study other possible
limiting factors (e.g. prepulses, saturation, jitter, noise) of the
reconstruction.

Figure D.2 compares the angular resolution of the Standard
Simulation and of the Ideal Simualation as a function of the cosine
of the muon azimuth angle for different energy ranges. As
expected, the Ideal Simualation shows better resolution at angles
and energies.
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Figure D.2: Angular resolution of the ideal simulation (solid lines) and the standard one (dashed lines). The median
angular error is plotted as function of the cosine of the muon azimuth angle. Different energy ranges are shown in
different colors.



Abbreviations

ADAF Advection-Dominated Accretion Flow
AGN Active Galactic Nucleus
ATWD Analog Transient Waveform Digitizer
BH Black Hole
BRL Broad-Line Region
BLRG Broad-Line Radio Galaxy
CC Charged Current
CDF Cumulative Distribution Function
C.L. Confidence Level
CMB Cosmic Microwave Background
DAQ Data Acquisition System
DIS Deep Inelastic Scattering
DOM Digital Optical Module
EAS Extensive Air Showers
fADC Fast Analog to Digital Converter
FR-II Fanaroff-Riley class II
FSRQ Flat Spectrum Radio Quasar
GRB Gamma Ray Burst
HESE High Energy Starting Events
HLC Hard Local Coincidence
IACT Imaging Atmospheric Cherenkov Telescope
IC Inverse Compton
IGM Intergalactic Medium
IR Infrared
LDDE Luminosity-Dependent Density Evolution
LLAGN Low Luminosity AGN
LLH log-likelihood
ML Maximum Likelihood
MC Monte Carlo
MPE Multi-Photoelectron
NC Neutral Current
NRL Narrow-Line Region
NLRG Narrow-Line Radio Galaxy
PDF Probability Distribution Function
PDOM PINGU DOM
PE photoelectron
PMT PhotoMultiplier Tube
QSO Quasi-Stellar Object
RDE Relative DOM Efficiency
RIAF Radiative Inefficient Accretion Flow



144 Abbreviations

ROC Receiver Operating Characteristics
SED Spectral Energy Distribution
SLC Soft Local Coincidence
SMBH Super-Massive Black Hole
SMT-8 Single Multiplicity Trigger
SPE Single Photoelectron
SPICE South Pole ICE
SSC Synchrotron Self-Compton
SXLF Soft X-ray Luminosity Function
TS Test Statistic
UHECR Ultra High Energy Cosmic Rays



Glossary

A
Afterpulses PMT pulses following the main ones. They originate from ionisation of the

residual gas, ionisation of atoms adsorbed by the first dynode surface, or luminescence
of the dynodes or the residual gas. 129

C
Center of Gravity Charge-weighted center of a track, defined as xCoG =

∑︁
i qi/Qtot, where Qtot

is the total detected charge. 38

L
Late Pulses PMT pulses delayed by several dozens of nanoseconds with respect to the main

ones. They arise from photoelectron backscattering (elastic or inelastic) on the first dynode.
Backscattered photoelectrons are decelerated by the electric field and then accelerated
again towards the first dynode, finally giving secondary electrons. 129

Linefit Basic reconstruction algorithm based on a χ2 minimization method. It approximates the
muon light emission as a plane wave, without taking into account optical ice properties
not the Cherenkov cone geometry. 38, 40, 43

M
Millipede Energy loss reconstruction based on an unbinned maximum likelihood method,

resulting in n cascades along the muon track. 46, 47, 55, 58, 59
MuonBenchmarck All-sky IceCube simulation containing 800 events in the energy range

between 1 TeV and 10 PeV. Two sets of events are created with different selection criteria:
SplineReco-optimized events, which pass quality cuts (so called NDir≥ 8 and Ldir≥ 600
cuts) based on SplineReco, and starting events, containing only starting tracks. 58, 59, 61,
62

O
Opening Angle Space angle distribution between the simulated Monte Carlo track and the

reconstructed track. Used to define the resolution of a reconstruction. 43, 104

P
Prepulses PMT pulses preceding the main ones. They arise from a direct photoeffect on the

surfaces of the first dynode and the focusing electrodes between the photocathode and
the first dynode due to photons passing the photocathode without interaction. 52, 129–132

Pull Parameter describing the angular uncertainty of an event. It is defined as the angular
difference divided by the estimated angular difference: ∆Ψ/σΨ. 64

Q
Quantum Efficiency The quantum efficiency is defined as the number of photoelectrons

emitted from the photocathode divided by the number of incident photons. Incident
photons transfer energy to electrons in the valence band of a photocathode, however not
all of these electrons are emitted as photoelectrons, since the photoemission takes place
according to a certain probability process . It is generally expressed as a percent. 130



146 Glossary

S
Seed Initial given track used as guess for the first minimization step in the reconstruction

process. 46
SegmentedSplineReco SegmentedSpline reconstruction based on a maximum likelihood

method using a cascade-segmented muon hypothesis to account for stochastic energy
losses. 37, 54–66, 123, 129, 131

SplineMPE SplineReco reconstruction using the MPE likelihood. vii, 43, 44, 49–53, 58–62, 129,
131, 141

SplineReco IceCube muon track reconstruction based on a maximum likelihood method
assuming a minimum ionizing track hypothesis. 42, 43, 47, 49, 55, 59–61, 64, 146

Starting tracks Muon tracks starting inside the IceCube detector volume, usually characterized
by a substantial initial hadronic shower los. 44, 145

T
Through-going tracks Muon tracks starting outside the IceCube detector volume. 44
Time Residual Difference between the observed hit time and the hit time expected for an

unscattered photon at a DOM. 41
Trials Number of independent tests performed to evaluate the p-value. 105
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