
Dissertation
submitted to the

Combined Faculties of the Natural Sciences and Mathematics
of the Ruperto-Carola University of Heidelberg, Germany

for the degree of
Doctor of Natural Sciences

Put forward by
Pooja Surajbali M.Sc. (Astrophysics)

Born in: Mauritius
Oral examination: 8th July 2020





Observing Large-scale Structures in the
Gamma-ray Sky

Referees: Prof. Dr. J. A. Hinton
apl. Prof. Dr. S. J. Wagner





v

Zusammenfassung
Der Kern dieser Doktorarbeit besteht aus der Entwicklung und Anwendung neuartiger
Datenanalyse- und Modellierungstechniken für Beobachtungen des High Altitude Wa-
ter Cherenkov (HAWC) Gammastrahlen-Observatoriums. Diese Arbeit gliedert sich in
drei Hauptteile und kulminiert in der Untersuchung ausgedehnter sehr hochenergetis-
cher Quellen wie den Fermi-Blasen.

Wir entwickeln zuerst einen neuartigen Diskriminator zur Unterscheidung gammas-
trahleninduzierter und protoneninduzierter Luftschauer. Unser Diskriminator ist unab-
hängig von der Rekonstruktion des Schauerkerns und ist nützlich, zur Verbesserung der
Genauigkeit der Detektorsimulation. Zweitens haben wir ein neues Untergrundmod-
ell entwickelt, das die Anisotropie der kosmischen Strahlung einbezieht, die gesamte
verfügbare Statistik ausnutzt und schnelle Berechnungszeiten hat. Drittens stellen wir
einen Profile-Likelihood-Ansatz zur Berechnung der Signifikanz und des Flusses von
jeder beliebigen Region des Himmels vor, der die Kombination von Daten aus verschiede-
nen Schauergrößen ermöglicht, während ihre relativen Beiträge konsistent berücksichtigt
werden.

Mit diesen Werkzeugen führen wir eine Blindsuche nach großräumigen Strukturen
am TeV-Gammastrahlenhimmel durch. Wir finden einen Kandidaten für eine Quellre-
gion mit einer Signifikanz von bis zu 5, 30σ auf einer Integrationsskala von 16°, bei der
es sich um einen TeV-Halo handeln könnte, der mit einem Pulsar, Molekülwolken oder
einem galaktischen Ausfluss assoziiert ist. Da von der nördlichen Fermi-Blase und ihrer
Basis kein signifikantes Signal ausgeht, berechnen wir schließlich ihre Obergrenzen für
des Integralen Flusses auf einem Konfidenzniveau von 95% und präsentieren ein hadro-
nisches Modell mit einer geschätzten Protonen-Cut-off-Energie von 85 TeV.

Abstract
The essence of this doctoral research constitutes the development and application of novel
data analysis and modelling techniques to observations from the High Altitude Water
Cherenkov (HAWC) gamma-ray observatory. This thesis is organised in three main parts,
culminating in the study of extended very-high-energy sources such as the Fermi bubbles.

We first develop a novel discriminator to distinguish between gamma-ray-induced
and proton-induced atmospheric showers. Our discriminator is independent of core
reconstruction and is useful for enhancing the accuracy of the detector simulation.
Secondly, we developed a new background model which incorporates the cosmic-ray
anisotropy, exploits all statistics available and has fast computation times. Thirdly, we
present a profile likelihood approach to calculate the significance and flux from any re-
gion of the sky, which allows the combination of data from different shower sizes while
consistently accounting for their relative contributions.

With the above tools, we perform blind searches for large-scale structures in the TeV
gamma-ray sky. We find a candidate source region with significance up to 5.30σ at 16°
integration scale, which could be a TeV halo associated with a pulsar, molecular clouds
or a galactic outflow. Finally, with no significant signal from the north Fermi bubble and
its base, we compute their integral flux upper limits, at 95% confidence level and present
a hadronic model with an estimated proton cut-off energy at 85 TeV.





vii

Acknowledgements
For this unique endeavour, one that brings together the astrophysics and particle

physics communities, I would like to thank first and foremost the members of the the-
sis committee: Prof. Dr. Jim A. Hinton (MPIK), as director and thesis advisor, for the
opportunity to pursue my doctoral research at MPIK, Heidelberg and for his support and
mentorship throughout the years, apl. Prof. Dr. Stefan J. Wagner (LSW) for the scientific
guidance and advice, especially for asking some interesting, leading questions, Dr. Harm
Schoorlemmer (MPIK) for his meticulous supervision. He never fails to motivate or crit-
icise as every detail matters, whether it is for bug fixes in my codes, accurate writing or
the interpretation of all the information a figure provides which improved the quality of
the work presented in this thesis.

An enormous thank you to the secretary of the MPIK division 4, Mrs. Ruth Cre-
spo López-Urruthia, for she is absolutely indispensable in navigating bureaucracy. She
helped me a countless number of times in reading most of my letters, the actions I needed
to take and literally how to handle the German system. I would also like to thank Dr.
Christian Fendt (MPIA) and the International Max Planck Research School for Astron-
omy and Cosmic Physics at the University of Heidelberg (IMPRS-HD) for the multi-
faceted support and the opportunity to study in Heidelberg.

I am very grateful for the patience and help of Dr. Vincent Marandon (MPIK) who
answered my endless stream of questions, assisted in debugging codes and performed
cross-checks of my results. Also for reading through and checking some chapters, I thank
Prof. Werner Hofmann (MPIK), Dr. Carlo Romoli (MPIK), Dr. Brian Reville (MPIK)
and Dr. rer nat. Alison M. W. Mitchell (UZH, Zurich). I thank Dr. rer. nat. Axel
Donath (MPIK) for his assistance with python scripting. I could trouble him more than
once on the shortcomings of codes in use. I thank Dr. rer. nat. Sabina Puerckhauer and
Dr. Felix Werner for their invaluable help in translating my abstract. I also thank Dr.
Joachim Hahn, Dr. Rubén López-Coto (INFN), Prof. Dr. Richard Tuffs (MPIK), Prof.
Dr. Konrad Bernlöhr (MPIK) and Dr. R. D. Parsons (MPIK) for valuable input to the
thesis through many interesting and fruitful discussions.

I am thankful for the insightful discussions and input regarding the Fermi Bubbles
with Dr. Roland Crocker (ANU), William Taylor (ANU), Dr. Dmitry Malyshev (ECAP),
Dr. Philipp Mertsch (RWTH, Aachen), Dr. Gwenael Giacinti (MPIK), Andrew Taylor
(DESY), Prof. Dr. Felix Aharonian (MPIK), Prof. Dr. Subir Sarkar (Oxford) and Mattias
Sormani (ITA). Moreover, I thank Dr. Eric Charles (SLAC), Dr. Luigi Tibaldo (IRAP) and
Dr. Quentin Remy (MPIK) for quick access to sky maps from Fermi-LAT and different
surveys including dust, Hα and CO.

As a member of the HAWC collaboration, I thank everyone for their amazing work,
especially Dr. Hugo A. Ayala Solares (PSU), Dr. Matthew Rosenberg (PSU), Dr. Israel
Martinez-Castellanos (UMD), Dr. Henrike Fleischhack (MTU) and Dr. John Pretz for
insightful discussions on HAWC analysis and map-making procedures. I would like to
thank Michael Schneider (UMD), Robert Scott De Lay (UMD) and Dr. Hao Zhou (Los
Alamos) for an excellent on-site shifter team. I am incredibly grateful to the MPIK IT
team, especially Dominik Weinmann, Stefanie Kolb, Kevin Zink and Thomas Khim
(Mizzi).



viii

I thank the entire non-thermal astrophysics division, MPIK (the permanent staff, the
engineers and technicians) for such a pleasant working environment. I would like to
thank my ex-office mate, Dr. rer. nat. Armelle Jardin-Blicq for helping with the im-
promptu questions I have had over the years, all schematics she kindly edited to fit my
requests and for saving me from insect invasion. I thank Simon Sailer for all the rides
he generously offered and the conceptual questions we debated with Dr. rer. nat. Jus-
tus Zorn. For the pieces of advice and guidance, especially to choose a Ph.D that suits
my likes and forte, I must imperatively thank Prof. Kinwah Wu (UCL) and Dr. Ellis R.
Owen (NTHU). We have had many enlightening discussions.

I also thank my friends from all over the world, Ban Zoives, Paul, Tania, Dr.
Naschura. . . We might not meet that often, but I am glad that we are connected because
we all come from cosmic dust. Speaking of friends, since I came to Germany, I found some
souls whom I have grown fond of: Dr. Jason, Dr. rer. nat. Vikas, Edna, Giada, Francesco,
Vikas version 2, Mischa, Dr. Sam, Dr. Richard, Dr. Navin, . . . Thanks so much for bringing
a speck of joy in my rather unsocial life. Special thanks to the unnamed ice-cream Santa,
my summer office-time would be very sad without you!

I wholeheartedly thank Dr. Dante von Einzbern (DARK) for without his motivation,
inspiration and kindness, I would not have completed this thesis on time. Whether it
is correcting my grammar or commenting on aesthetics, I have relied on him on several
occasions. For the next part, I want to express my gratitude to my family. Honestly, thank
you feels inadequate. Maa & Paa, thanks a lot for believing in me and accepting my
choices. Thanks so much for the support, encouragement and inspiration. Ami, Pop, Yu
and Vincent, thanks for the support, the emotional outlet and putting up with my wishes
to make Maa and Paa’s visits to Heidelberg feasible. I thank my nephew Arnav and niece
Kyra for being a wonderful source of inspiration. I am also grateful for the furry members
of my family: Toun, Zulu & Fia.

Last but not least, I thank members of my jury, Prof. Dr. Tilman Plehn (ITP) and
Priv.-Doz. Dr. Teresa Marrodán Undagoitia (MPIK) for accepting to be a part of the
culmination of this project and to anyone who feels forgotten, please accept my apologies
and feel yourself remembered here. It is often said that people come into our lives for
a reason, and for knowing and working with such a team, I thank the Lord and I am
grateful for everything. . .



ix

Contents

Zusammenfassung/Abstract v

Acknowledgements vii

List of Figures xvi

List of Tables xvii

Introduction 1

1 Non-thermal Astrophysics 5
1.1 Introduction to Gamma-ray Astronomy . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 Electromagnetic Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.2 Energy Regimes of Gamma-ray Astronomy . . . . . . . . . . . . . . . 6

1.2 Brief History of Gamma-ray Astronomy . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 Discovery of Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.2 Space-based Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.3 Ground-based Detection . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Introduction to Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3.1 Cosmic Ray Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.3.2 Composition of Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . 17

1.4 Fermi Acceleration Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.5 Gamma-ray Emission Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5.1 Bremsstrahlung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.5.2 Synchrotron Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.3 Inverse Compton Scattering . . . . . . . . . . . . . . . . . . . . . . . . 23
1.5.4 Pion Decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.5.5 Other Secondary Mechanisms . . . . . . . . . . . . . . . . . . . . . . 26

1.6 Acceleration Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2 Ground-based Particle Detection Techniques 33
2.1 Extensive Air Showers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1.1 Electromagnetic Showers . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.1.2 Hadronic Showers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.1.3 Atmospheric Muon Production . . . . . . . . . . . . . . . . . . . . . . 38

2.2 Processes in Atmospheric Shower Physics . . . . . . . . . . . . . . . . . . . . 40



x

2.2.1 Pair Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2.2 Cherenkov Light Production . . . . . . . . . . . . . . . . . . . . . . . 40

2.3 Detection Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.3.1 Imaging Atmospheric Cherenkov Telescopes . . . . . . . . . . . . . . 44
2.3.2 Air Shower Particle Detector Arrays . . . . . . . . . . . . . . . . . . . 45
2.3.3 Complementarity of Ground-based Detection Techniques . . . . . . 47

3 HAWC Gamma-ray Observatory 49
3.1 Water Cherenkov Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4 Outriggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.5 Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.6 Lateral Distribution of Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.6.1 Investigating the Energy, Zenith Angle and Altitude Dependencies
on Number of Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.6.2 Muons as Discriminator between Gamma-ray-induced Showers and
Proton-induced Showers . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4 Air Shower Reconstruction & Gamma/Hadron Discrimination in HAWC 65
4.1 Reconstruction of Air Showers in HAWC . . . . . . . . . . . . . . . . . . . . 65

4.1.1 Core Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.1.2 Direction Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.1.3 Energy Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.1.4 Gamma/Hadron Separators . . . . . . . . . . . . . . . . . . . . . . . 72

4.2 Tank-Light-Distribution as Gamma/Hadron Discriminator . . . . . . . . . . 74
4.2.1 Deriving Probability Density Distributions . . . . . . . . . . . . . . . 75
4.2.2 Deriving Likelihood Ratio . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2.3 Optimisation of TankLHR . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 A New Approach to Background Modelling for HAWC 91
5.1 Building the Gamma-like Event Sky Map for HAWC . . . . . . . . . . . . . 91
5.2 Background Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2.1 Direct Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2.2 Model Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2.3 Generating an RA-Dec Dependent Background Model . . . . . . . . 98

5.3 Excess Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.3.1 Comparison with Direct Integration . . . . . . . . . . . . . . . . . . . 103
5.3.2 Error Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.3.3 Method Performance through Source Significance . . . . . . . . . . . 108

5.4 Exposure Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111



xi

6 Search for Large-Scale Structures in HAWC Sky 113
6.1 The Maximum Likelihood Method for Significance and Flux Computation . 113

6.1.1 Background Optimisation - The Profile Likelihood Approach . . . . 114
6.1.2 Assessing the All-Sky Significance Map from Combined nHit Bins . 115
6.1.3 Computing the Differential Flux of Some Gamma-Ray Sources . . . 117

6.2 Previously Unseen Large-Scale Emission Region in the HAWC Map to-
wards l ∼ 30° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.2.1 Pulsar Related Emission? . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.2.2 North Polar Spur or Galactic Outflow? . . . . . . . . . . . . . . . . . 125
6.2.3 Giant Molecular Cloud-Associated Emission? . . . . . . . . . . . . . 126

6.3 Galactic Plane Flux using Independent Integration Boxes . . . . . . . . . . . 127
6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

7 Modelling and Search of the Fermi Bubbles 131
7.1 Introduction to the Fermi Bubbles . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.1.1 Observed Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.1.2 Derived Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.1.3 Unknown Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7.2 Characterising the Fermi Bubbles at GeV Energies . . . . . . . . . . . . . . . 137
7.2.1 Deriving Uniform Spatial Template for the Base of the Northern

Fermi Bubble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.2.2 Modelling Weighted Spatial Template through Lon-Lat Surface Bright-

ness Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.3 Model Independent Flux Limits . . . . . . . . . . . . . . . . . . . . . . . . . . 142
7.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8 Summary, Conclusions and Outlook 149

A Supplementary to Chapters 1 & 2 155

B Supplementary to Chapter 3 161

C Supplementary to Chapter 4 167

D Supplementary to Chapter 5 193

E Supplementary to Chapter 6 & 7 201

Bibliography 205





xiii

List of Figures

1.1 Electromagnetic spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Variation of integral number of high-energy astrophysical sources detected

with year of detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3 Schematic diagram of the Fermi-LAT . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 HAWC sky maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5 Differential sentitivity of HAWC compared to other detectors . . . . . . . . 14
1.6 All-particle energy spectrum of primary cosmic rays . . . . . . . . . . . . . . 16
1.7 Energy spectra of various elements in cosmic rays . . . . . . . . . . . . . . . 17
1.8 Schematic illustrating the primary channels of gamma-ray emission . . . . . 21
1.9 Spectral energy distribution of gamma-ray emission by various processes . 22
1.10 Hillas plot showing the size and magnetic field strength of astrophysical

objects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.1 Schematics of gamma- and proton-induced showers . . . . . . . . . . . . . . 34
2.2 Variation of shower size of a typical TeV gamma-ray air shower with height

above sea level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3 Schematic of EAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4 Contrast between electromagnetic and hadronic showers . . . . . . . . . . . 39
2.5 Schematic of pair production process . . . . . . . . . . . . . . . . . . . . . . . 41
2.6 Schematic of Cherenkov radiation . . . . . . . . . . . . . . . . . . . . . . . . 41
2.7 Cherenkov spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.8 Summary of gamma-ray observation techniques . . . . . . . . . . . . . . . . 44
2.9 Schematic of an imaging atmospheric Cherenkov telescope . . . . . . . . . . 45
2.10 Schematic of an air shower particle detector array . . . . . . . . . . . . . . . 46

3.1 HAWC main and outrigger array . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2 Schematic of the dimensions of HAWC tanks . . . . . . . . . . . . . . . . . . 51
3.3 PMTs used in HAWC tanks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.4 Overview of the DAQ processing pipeline . . . . . . . . . . . . . . . . . . . . 53
3.5 Time-over-Threshold processing . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.6 Dimensions of the HAWC WCDs . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.7 Outrigger nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.8 Relevance of simulation with respect to measurements . . . . . . . . . . . . 57
3.9 Lateral distribution of muons . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.10 Lateral distribution of cumulative number of muons . . . . . . . . . . . . . . 60
3.11 Shower fraction for different muon numbers . . . . . . . . . . . . . . . . . . 61



xiv

3.12 Lateral distribution of cumulative number muons with zenith, energy and
altitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.13 Distribution of shower fraction for different parameters . . . . . . . . . . . . 64

4.1 Distribution of charge in triggered HAWC PMTs . . . . . . . . . . . . . . . . 66
4.2 Comparison of distributions of charges from various triggered PMTs for

core localisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3 Direction reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4 HAWC nHit bins and their energy resolution . . . . . . . . . . . . . . . . . . 71
4.5 NKG fit for the lateral distribution of charge . . . . . . . . . . . . . . . . . . 72
4.6 Gamma-ray efficiency with current discriminators . . . . . . . . . . . . . . . 73
4.7 Probability density distribution of showers . . . . . . . . . . . . . . . . . . . 76
4.8 Muons or no muons - differences in light distributions . . . . . . . . . . . . . 78
4.9 Light from vertical muons in HAWC tanks . . . . . . . . . . . . . . . . . . . 79
4.10 Probability density distributions of different event sizes . . . . . . . . . . . . 79
4.11 Distribution of charges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.12 Number of tanks contributing to probability density distribution for 1 event 82
4.13 Comparison to events from Crab nebula region . . . . . . . . . . . . . . . . . 83
4.14 Distribution of the likelihood ratio for shower bins 3 and 8 . . . . . . . . . . 84
4.15 Distribution of the signal-to-noise ratio as a function of the likelihood ratio

for different PE cuts implemented . . . . . . . . . . . . . . . . . . . . . . . . 85
4.16 Distribution of the likelihood ratio for shower bins 3 and 8 for different PEs 87
4.17 Discriminator interdependency . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.18 Events passing optimal TankLHR, PINC and LiComp cuts . . . . . . . . . . 89
4.19 Events passing optimal TankLHR, PINC and LiComp cuts . . . . . . . . . . 89

5.1 Gamma-like v. hadron-like . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2 Gcut map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3 DI map for B = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.4 All sky cosmic-ray anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5 Hcut map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.6 Masked regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.7 HAWC Livetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.8 Instantaneous field of view of HAWC . . . . . . . . . . . . . . . . . . . . . . 99
5.9 Distribution of a-factor as a function of declination . . . . . . . . . . . . . . . 100
5.10 Distribution of b-factor as a function of right ascension. . . . . . . . . . . . . 102
5.11 MB map for B = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.12 Excess map for B = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.13 Excess map comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.14 Comparison between DI and MB for B = 4 as a function of RA . . . . . . . . 106
5.15 Relative difference in backgrounds . . . . . . . . . . . . . . . . . . . . . . . . 107
5.16 Significance of Crab nebula per nHit bin . . . . . . . . . . . . . . . . . . . . . 109
5.17 Map illustrating expected count . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.18 Distribution of flux as a function of spectral index . . . . . . . . . . . . . . . 111

6.1 Minimising on the flux at the Crab nebula centre position . . . . . . . . . . . 115
6.2 HAWC sky map for selected nHit bins at different scales . . . . . . . . . . . 116
6.3 Combining different bins for integration radius 4° . . . . . . . . . . . . . . . 118



xv

6.4 Combining different bins for integration radius 16° . . . . . . . . . . . . . . 119
6.5 Distribution of flux as a function of spectral index . . . . . . . . . . . . . . . 120
6.6 ROI at 1° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.7 ROI at 2° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.8 ROI at 4° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.9 ROI at 8° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.10 ROI at 16° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.11 Upper limits with different spectral indices . . . . . . . . . . . . . . . . . . . 123
6.12 ROI in different light and perspective . . . . . . . . . . . . . . . . . . . . . . 125
6.13 HAWC significance sky map without mask with 8° integration radius . . . 127
6.14 Significance, flux and error on flux of Galactic plane through independent

box integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.15 Comparison of the distribution of flux and CO intensity along longitude . . 129

7.1 Multimessenger and multiwavelength sky maps of the Fermi bubbles . . . . 132
7.2 Schematic of the Fermi bubbles . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.3 Description of the search regions . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.4 Description of region for profile extraction . . . . . . . . . . . . . . . . . . . . 139
7.5 Longitude and latitude surface brightness profile . . . . . . . . . . . . . . . . 140
7.6 Spatial template evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.7 Latitude surface brightness profile comparison . . . . . . . . . . . . . . . . . 142
7.8 Description of regions at the base of the Fermi bubble . . . . . . . . . . . . . 143
7.9 Integral flux upper limit on the wedge . . . . . . . . . . . . . . . . . . . . . . 143
7.10 Integral flux upper limit on the north Fermi bubble . . . . . . . . . . . . . . . 144
7.11 Flux upper limit comparison between north Fermi bubble and wedge . . . . 145
7.12 Interaction timescales of different processes . . . . . . . . . . . . . . . . . . . 146

8.1 Sensitivity and sky coverage of SWGO . . . . . . . . . . . . . . . . . . . . . . 152

A.1 Crab nebula in different wavelengths . . . . . . . . . . . . . . . . . . . . . . . 156
A.2 Schematic of Cherenkov flash cone . . . . . . . . . . . . . . . . . . . . . . . . 159
A.3 Rigidity at different locations on Earth . . . . . . . . . . . . . . . . . . . . . . 160

B.1 Lateral distribution of cumulative number of muons with zenith angle . . . 166
B.2 Lateral distribution of cumulative number of muons with slant depth . . . . 166

C.1 Gamma showers as seen with PMT A . . . . . . . . . . . . . . . . . . . . . . 168
C.2 Data showers as seen with PMT A . . . . . . . . . . . . . . . . . . . . . . . . 169
C.3 Proton showers as seen with PMT A . . . . . . . . . . . . . . . . . . . . . . . 170
C.4 Gamma showers as seen with PMT C . . . . . . . . . . . . . . . . . . . . . . 171
C.5 Data showers as seen with PMT C . . . . . . . . . . . . . . . . . . . . . . . . 172
C.6 Proton showers as seen with PMT C . . . . . . . . . . . . . . . . . . . . . . . 173
C.7 Probability density distribution of showers . . . . . . . . . . . . . . . . . . . 174
C.8 Gross differences between PMT A and PMT C for proton simulations and

measured events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
C.9 Charges registered in a specific tank for all PMTs . . . . . . . . . . . . . . . . 176
C.10 Participation fraction of tanks . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
C.11 Comparison to events from Crab nebula region for different PE cuts applied 178
C.12 Probable excess signal using TankLHR . . . . . . . . . . . . . . . . . . . . . . 179



xvi

C.13 Probable excess signal using PINC . . . . . . . . . . . . . . . . . . . . . . . . 180
C.14 Probable excess signal using LiComp . . . . . . . . . . . . . . . . . . . . . . . 181
C.15 Events passing the TankLHR selection cut in the Crab nebula region . . . . 182
C.16 Events passing the PINC selection cut in the Crab nebula region . . . . . . . 183
C.17 Events passing the LiComp selection cut in the Crab nebula region . . . . . 184
C.18 Excess signal as a function of TankLHR and PINC . . . . . . . . . . . . . . . 185
C.19 TS of signal as a function of TankLHR and PINC . . . . . . . . . . . . . . . . 186
C.20 Excess signal as a function of TankLHR and LiComp . . . . . . . . . . . . . . 187
C.21 TS of signal as a function of TankLHR and LiComp . . . . . . . . . . . . . . 188
C.22 Excess signal as a function of PINC and LiComp . . . . . . . . . . . . . . . . 189
C.23 TS of signal as a function of PINC and LiComp . . . . . . . . . . . . . . . . . 190

D.1 Gamma-like event maps for nHit bins 0-9 . . . . . . . . . . . . . . . . . . . . 194
D.2 DI maps for nHit bins 0-9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
D.3 MB maps for nHit bins 0-9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
D.4 Excess maps derived using the MB map for nHit bins 0-9 with a 5° smoothing197
D.5 Excess maps obtained using DI as background for nHit bins 0-9 with a 5°

smoothing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
D.6 Maps showing expected counts per transit for nHit bins 0-9 . . . . . . . . . 199
D.7 Exposure maps showing expected counts for nHit bins 0-9 . . . . . . . . . . 200

E.1 Bubbles in other galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
E.2 Flux upper limit comparison for different confidence levels . . . . . . . . . . 203
E.3 Upper limits of north Fermi bubble with different spectral indices . . . . . . 203



xvii

List of Tables

1.1 Energy domains of gamma-ray astronomy . . . . . . . . . . . . . . . . . . . 7

4.1 Table detailing the percentage of PMTs triggered in the main array for each
nHit bin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2 Table detailing the percentage of tanks with triggered PMT(s) in the main
array for each shower bin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3 Table detailing the optimal combined cuts on LiComp, PINC and TankLHR
for the highest TS of the Crab nebula . . . . . . . . . . . . . . . . . . . . . . . 87

6.1 Table detailing the differential flux for the Crab nebula, Geminga, and the
Galactic plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

C.1 Table detailing the optimal combined cuts on LiComp and PINC for the
Crab nebula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191





xix

List of Abbreviations

3FGL 3rd Fermi-LAT Gamma-ray Source Catalogue
ACD Anticoincidence Detector
ACT Atmospheric Cherenkov Telescope
AERIE Analysis and Event Reconstruction Integrated Environment
AGN Active Galactic Nuclei
ASPD Air Shower Particle Detector
ATNF Australia Telescope National Facility
BATSE Burst And Transient Source Experiment
CANGAROO Collaboration Between Australia and Nippon for a Gamma Ray Observatory
CGRO Compton Gamma-ray Observatory
CL Confidence Level
CMB Cosmic Microwave Background
CMZ Central Molecular Zone
CNN Convolutional Neural Network
COM Centre of Mass
COMPTEL Imaging Compton Telescope
CORSIKA Cosmic ray Simulation for KASKADE
COS Cosmic Origins Spectograph
CR Cosmic Ray
CTA Cherenkov Telescope Array
DAQ Data Acquisition
DI Direct Integration
DoF Degree of Freedom
EAS Extensive Air Shower(s)
ECL Emitter-Coupled Logic
EGRET Energetic Gamma-ray Experiment Telescope
EHE Extremely High Energy
EM Electromagnetic
FADC Fast Analog-to-Digital Converter
FEB Front-End-Board
FFT Fast Fourier Transform
FoV Field of View
GBM Gamma Burst Monitor
GC Galactic Centre
GLAST Gamma-ray Large Area Space Telescope
GMST Greenwich Mean Sidereal Time



xx

GP Ground Parameter
GPS Global Positioning System
GRB Gamma-ray Burst
GTC GPS Timing and Control
GZK Greisen-Zatsepin-Kuzmin
HA Hour Angle
HAWC High Altitude Water Cherenkov
HE High Energy
HEALPix Hierarchical Equal Area and iso-Latitude Pixelation
HEGRA High Energy Gamma-ray Astronomy
H.E.S.S. High Energy Spectroscopic System
HiSCORE Hundred*i Square-km Cosmic ORigin Explorer
HV High Voltage
IACT Imaging Amospheric Cherenkov Telescope
IC Inverse Compton
INTEGRAL INTErnational Gamma-ray Astrophysics Laboratory
IRAS Infrared Astronomical Satellite
ISM Interstellar Medium
ISRF Interstellar Radiation Field
KN Klein-Nishina
LAT Large Area Telescope
LDF Lateral Distribution Function
LE Low Energy
LH Likelihood
LHAASO Large High Altitude Air Shower Observatory
LMST Local Mean Sidereal Time
MAGIC Major Amospheric Gamma Imaging Cherenkov Telescopes
MB Model Background
MC Monte Carlo
MHD Magnetohydrodynamics
NFB North Fermi Bubble
NKG Nishimura-Kamata-Greisen
NN Neural Network
NPS North Polar Spur
OSO Orbiting Solar System
OSSE Oriented Scintillation Spectrometer Experiment
PINC Parameter for Identifying Nuclear Cosmic rays
PE Photoelectron
PMT Photomultiplier Tube
PSF Point Spread Function
PSR Pulsar
QE Quantum Efficiency
RA Right Ascension
ROI Region of Interest
SFCF Super Fast Core Fit
SN Supernova
SNR Supernova Remnant



xxi

SWGO Southern Wide-Field Gamma-Ray Observatory
TDC Time-to-Digital Converter
TOT Time Over Threshold
TS Test Statistic
UHE Ultra High Energy
VERITAS Very Energetic Radiation Imaging Telescope Array System
VHE Very High Energy
WCD Water Cherenkov Detector





xxiii

Physical Constants

Speed of Light c = 2.997 924 58 × 108 m s−1

Elementary charge e = 1.602 176 634 × 10−19 C
Vacuum electric permittivity ϵ0 = 8.854 187 813 × 10−12 F m−1

Electron mass me = 9.109 383 701 × 10−31 kg (0.511 MeV/c2)
Proton mass mp = 1.672 621 924 × 10−27 kg (938 MeV/c2)
Boltzmann constant kB = 1.380 649 × 10−23 J K−1

Planck constant h = 6.626 070 04 × 10−34 J s
Thomson scattering cross-section σT = 6.652 458 . . . × 10−29 m2

Vacuum magnetic permeability µ0 = N/A2

Fine structure constant α = 1/137





xxv

List of Symbols

Symbol Name Units

E energy eV
ν frequency Hz
λ wavelength m
T temperature K
Xmax atmospheric depth where number of particles is maximum g/cm2

p momentum kg m s−1

θ pitch angle °
γ Lorentz factor –
v velocity/speed m s−1

N number of particles –
α spectral index –
tesc time-taken by a particle to escape a medium s
Ee electron energy eV
m mass kg
n number density of gaseous medium cm−3

X0 radiation length g/cm2

τ lifetime of particle yr
Umag magnetic energy density eV/cm3

B magnetic field strength µG
Urad density of photon fields eV/cm3

σIC inverse-Compton scattering cross-section m2

F photon flux cm2/s
Z electric charge C
L size of astrophysical object m
x column density g/cm3

Ec critical energy eV
Es transverse energy scale eV
ρ density g/cm3

n refractive index of medium –
h height in the atmosphere m
R rigidity GV
τ spin down age of pulsar kyr
Ne shower size m



xxvi

s shower age –
t shower duration s
r length scale for lateral distribution m
K kinetic energy J
W work function J
X slant depth g/cm2

z altitude m
θ zenith angle °
x⃗COM centre of mass shower core location m
qi electric charge of a triggered PMT C
xi PMT location m
ψ angle between the simulated and reconstructed directions °
B nHit bins –
C COMPACT gamma/hadron separator –
P PINC gamma/hadron separator –
Rd/γ likelihood ratio, the TankLHR gamma/hadron separator –
P probability density distribution –
ϵ efficiency of shower acceptance –
S/N signal-to-noise ratio –
TS test statistic –
Nside HEALPix resolution –
G gamma-like events –
H hadron-like events –
BDI Direct Integration background –
R(t) integrated rate array s−1

A acceptance map –
HA hour angle °
dec or δ declination °
a a-factor –
DNS fractional deviation in North/South a-factor –
b b-factor –
SG Gaussian smoothing function –
Y product of a and b factors –
BDI Model Background –
E excess –
Erel relative excess –
SB bin significance –
Non measured counts in on region –
Noff measured counts in off region –
α on source to off source ratio –
Non expected counts in on region –
Noff expected counts in off region –
L likelihood function –
F differential flux TeV−1 cm−2 s−1

C Cash statistic –
l galactic longitude °
b galactic latitude °



xxvii

F7 differential flux at 7 TeV TeV−1 cm−2 s−1

WCR cosmic-ray energy density eV/cm−3

Lγ gamma-ray luminosity erg/s
dPSR pulsar distance pc
τp characteristic cooling timescale from pp-interactions s
σpp pp-interaction cross-section m2

f coefficient of inelasticity –
n number density cm−3

Γ spectral index –
ϵ cut-off energy TeV
βA Alfvén wave velocity relative to c –
η ratio of turbulent to mean magnetic field –
λmax maximum Alfvén wavelength relative to L –
q index of MHD turbulence –
rg gyration radius km





xxix

List of Units

Abbreviation Name Equivalence

m metre –
s second –
kg kilogram –
eV electronvolt 1.60 × 10−19 kg m2 s−2

erg ergon 0.624 15 TeV
Hz hertz 1 s−1

pc parsec 3.086 × 1016 m
yr year 3.154 × 107 s
ly light year 0.306 601 pc ≡ 9.46 × 1015 m
sr steradian 41 252.96 deg2

arcmin arcminute 1/60 °
arcsec arcsecond 1/3 600 °





xxxi

List of Prefixes

Abbreviation Prefix Equivalence

Z Zeta 1021

E Exa 1018

P Peta 1015

T Tera 1012

G Giga 109

M Mega 106

k kilo 103

c centi 10−2

m milli 10−3

µ micro 10−6

n nano 10−9

p pico 10−12





xxxiii

Camille Flammarion, L’atmosphère: météorologie populaire (1888)

“When you have eliminated the impossible, then whatever remains, however improbable, must be
the truth. . . ”

Sir Arthur Conan Doyle, The Case Book of Sherlock Holmes





xxxv

To my Maa & Paa . . .





1

Introduction

Context and Motivation

The Universe is home to numerous exotic and beautiful phenomena, some of which can
generate almost inconceivable amounts of energy; Supermassive black holes, merging
neutron stars, streams of hot gas moving close to the speed of light. . . These are but a few
of the cosmic marvels that generate gamma-ray radiation, the most energetic form of ra-
diation, millions of times more energetic than the type of light visible to our eyes. What
are the physical mechanisms underlying the production of such massive amounts of en-
ergy? What happens to the astrophysical environments surrounding these phenomena?
How will studying these energetic objects contribute to our understanding of the inherent
nature of the Universe and how it behaves? These are a few questions which drive the
curious mind into probing the gamma-ray sky.

At the frontiers of gamma-ray astronomy and particle physics lies the interdisciplinary
field of astroparticle physics or particle astrophysics. Therein, we study elementary particles
of astrophysical origin and while it is a relatively new branch, it has undergone rapid
development over the past few decades and has led us to the following open questions:

1. What can we learn about our Universe from cosmic rays?

2. What is the nature of dark matter and dark energy?

3. Can gravity be incorporated in the Standard Model of Particle Physics?

4. Why are the neutrino masses so small and what can neutrinos teach us about the
matter/anti-matter asymmetry?

5. Is there physics beyond the Standard Model of Particle Physics?

Within the scope of contributing to elucidate some of the aforementioned open ques-
tions, we provide the following instrumental context for gamma-ray detection. HAWC
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is a ground-based gamma-ray observatory that samples particles of extensive air show-
ers over a large collection area. With the Earth’s atmosphere acting as part of the de-
tector, HAWC takes a slice along the longitudinal development of a photon- or hadron-
induced atmospheric shower, through the use of water Cherenkov detectors. The array
of water tanks is instrumented with photomultiplier tubes (PMTs) calibrated to read-out
Cherenkov light, which is emitted when particles move faster than the speed of light in a
medium. This approach allows us to continuously survey the sky within the entire field
of view of the instrument. Besides unveiling galactic and extragalactic particle accelera-
tors, with HAWC or HAWC-like detectors, for instance SWGO, we further aim towards
monitoring of the transient sky at very high energies, probing particle physics beyond
the Standard Model, and the characterisation of the cosmic ray flux. The underlying ob-
jective is to improve our understanding of violent astrophysical phenomena and extreme
environments, such as supernovae, gamma-ray bursts and the turbulent neighbourhood
of supermassive blackholes, via the study of gamma and cosmic rays.

Structure of this thesis

Our primary undertaking to probe large-scale structures was motivated by the wide field
of view of HAWC. However, given our detector type, we face a few obstacles and we need
to understand our measurements and assess the impact of uncertainties, before making
any claims about the nature of any process driving these large-scale structures. The or-
ganisation of this thesis, therefore, follows the methodology adopted to analyse our mea-
surements, as described below.

Chapter 1 introduces the basic concepts and terminology of high-energy gamma-ray
astrophysics, starting with a brief historical review of observational gamma-ray astron-
omy. A list of the key science goals of HAWC is then provided, followed by a description
of cosmic rays and their acceleration mechanisms. This chapter also outlines the various
processes involved in the production of high-energy gamma-ray emission and a concise
description of plausible acceleration sites.

Chapter 2 provides an in-depth description of the key aspects of ground-based particle
detection techniques, as relevant to this thesis. It subsequently reviews the essential phys-
ical concepts underlying electromagnetic air showers and outlines the main observables
of interest to this work. The remaining sections of this chapter cover the atmospheric
production of muons, the distinctive features of hadron-induced air showers, compared
to gamma-ray initiated showers, and the main processes involved in atmospheric shower
physics. The final part of this chapter reviews the various ground-based detection meth-
ods.
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Chapter 3 covers the essential details of the water Cherenkov detectors of HAWC,
such as their set-up and configuration. It presents the instrumentation aspects involving
the data-acquisition system, with a description of its calibration and performance. A brief
summary of the outrigger array of HAWC is also provided for the sake of completeness,
with the subsequent sections outlining the use of Monte Carlo simulations, the impact
of primary energy, zenith angle and detection altitude on simulated air showers for a
HAWC-like instrument.

Chapter 4 details reconstruction process in HAWC and follows-up with a discussion of
the technique developed in this thesis to differentiate between gamma-ray induced show-
ers and their cosmic-ray induced counterparts, i.e. gamma/hadron separation, which
will be employed in future HAWC analyses. Other novel algorithms, developed recently
or still currently in development for the next PASS (PASS 5) of HAWC data are also de-
scribed.

Chapter 5 entails the generation of different maps from HAWC data, with particular
focus on the methodology employed. Some examples of these maps include the ones
that pass gamma selection of events, maps that pass hadron selection of events, the con-
ventional HAWC background map, a new background map, excess maps and exposure
maps. The potential applications of such maps are also detailed.

Chapter 6 ensues with the mathematical formalism for significance computation through
the profile likelihood approach. A blind search for large-scale structures in the HAWC sky
map is performed and the results are discussed extensively. The differential flux of a few
gamma-ray sources, computed through the aforementioned approach, are listed.

Chapter 7 presents a literary review of the Fermi bubble, from observed multiwave-
length sky maps to searches performed to constrain the gamma-ray emission mecha-
nism(s). Thereon, we derive templates that describe the northern Fermi bubble (and its
base) and use them to search for an emission signal at very high energies with HAWC.

The thesis culminates with with Chapter 8 which summarises the salient aspects and
conclusions drawn from this doctoral work, and provides an outlook for impending im-
provement on the detector, methods and analysis approach used, while highlighting po-
tential promising avenues for future investigations.

We provide supplementary material to some of the above chapters in the appendices.
As supplement to Chapters 1 and 2, Appendix A contains a summary of gamma-ray
sources of high significance, such as the Crab nebula. Further mathematical background
pertaining to the lateral distribution of secondary particles in electromagnetic air showers
is also provided. We end with a description of the geomagnetic field.

Appendix B presents further details complementary to the description of the HAWC
observatory, as laid out in Chapter 3. The instrumental aspect of photomultiplier tubes
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(PMTs), cable propagation and the data and aquisition (DAQ) system are described in
more depth, followed by an investigation of the lateral distribution of muons.

Appendix C supplies detailed information concerning air shower reconstruction and
gamma/hadron discrimination, as described in Chapter 4. Moreover, it contains the com-
plete sets of figures for different shower bins and PMTs, complementary to the ones il-
lustrated in Chapter 4 and ends with a brief summary of some other gamma/hadron
separators.

Appendix D provides the gamma/hadron cuts, as employed in Chapter 5, for the
novel background modelling method developed in this thesis. The relevant gamma-like
event maps, hadron-like event maps and background maps for all nHit bins are also il-
lustrated, along with the variation of significance with declination.

Appendix E complements the literature review on the Fermi bubbles, as provided in
Chapter 7. In particular, it covers the essential aspects involved in the derivation of the
integral flux upper limits of the north Fermi bubbles.
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1
Non-thermal Astrophysics

In this chapter, we provide a basic review of the electromagnetic spectrum and the dis-
tinct energy regimes of observational gamma-ray astronomy to lay down the terminology
employed throughout this thesis. The structure of this chapter is organised as follows: We
provide a brief historical review of gamma-ray astronomy in Section 1.2, followed by an
introductory description of cosmic rays in Section 1.3, with their acceleration mechanisms
outlined in Section 1.4. The various processes involved in the production of high-energy
gamma-ray emission are subsequently described in Section 1.5. This chapter concludes
with a brief description of a list of plausible acceleration sites, i.e. potential sources of
gamma-ray emission, in Section 1.6.

1.1 Introduction to Gamma-ray Astronomy

Astronomy is a science dealing with the study of celestial objects and phenomena that
allows us to understand the nature of astronomical objects. Gamma-ray astronomy is the
study of astrophysical gamma-rays and relies on their detection and the reconstruction of
their arrival direction and energies.

1.1.1 Electromagnetic Spectrum

To understand the regime of astrophysics studied in this work, a basic notion of the elec-
tromagnetic (EM) spectrum is prerequisite. The EM spectrum defines the range of fre-
quencies of electromagnetic radiation and their corresponding wavelengths and photon

1Available from: http://chandra.harvard.edu/resources/em_radiation.html

http://chandra.harvard.edu/resources/em_radiation.html
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FIGURE 1.1: Electromagnetic spectrum depicting the high-energy astrophysics regime, with
the gamma region of the spectrum being of particular relevance to this thesis. Figure from
Chandra X-ray mission, CfA.1

energies, divided into distinct bands, as illustrated in Figure 1.1. Each band has a spe-
cific name attributed to it, with particular characteristics. The gamma portion of the EM
spectrum lies at the high-energy end, i.e. high-frequency and short wavelength regime
(E = hν = hc/λ) and provides a window to study extremely energetic non-nuclear pro-
cesses, such as acceleration of cosmic rays, gamma rays from galactic and extragalactic
origin, and high-energy neutrinos. Together, the above constitute the field of high-energy
astrophysics (e.g. Longair, 2011).

Processes emitting EM radiation may be characterised as thermal or non-thermal in
nature. The former concerns conventional observational astronomy dealing primarily
with photons emitted thermally by astrophysical objects at high temperatures, with the
most extreme environments producing photons in the range of a few hundreds of keV
(E = kBT). Nevertheless, the emission of even higher energy gamma-ray photons would
require non-thermal processes. Attaining these energies via thermal emission would ne-
cessitate the black-body temperature of the given astrophysical object to be of the order
of that only present in the very early Universe, shortly after the Big Bang. In essence,
non-thermal radiation implies that the properties of the emitted radiation do not depend
on the temperature of the astrophysical source.

1.1.2 Energy Regimes of Gamma-ray Astronomy

Gamma-rays are used as probes to study the production and acceleration of cosmic ray
particles in extreme astrophysical environments. Such particles are deprived of their
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TABLE 1.1: Definition of the distinct energy regimes of observational gamma-ray astron-
omy.

Energy regime Energy range
Low Energy (LE) 1 MeV to 30 MeV
High Energy (HE) 30 MeV to 50 GeV
Very High Energy (VHE) 50 GeV to 100 TeV
Ultra High Energy (UHE) 100 TeV to 100 PeV
Extremely High Energy (EHE) >100 PeV

directional information when propagating through the galactic and extragalactic envi-
ronments on their way to Earth, resulting in an isotropic measured flux. Being charged
particles, however, they interact with the surrounding medium to produce high-energy
gamma-rays, whose trajectories are not deflected by the magnetic fields since they are
neutral. As such, they retain the directional information of the source locations and serve
as excellent messengers to probe the source environments of the highest energy cosmic ac-
celerator sites. As depicted in Figure 1.1, the gamma-ray band covers a significant portion
of the EM spectrum from ∼ 1 MeV to the highest energies. Observational gamma-ray as-
tronomy can be divided into different regimes, depending on the energy of the observed
gamma-rays, as listed in Table 1.1. This is because the approach for detection is different
across the energy regimes. The energy domain most relevant to this thesis concerns the
VHE regime.

1.2 Brief History of Gamma-ray Astronomy

From time immemorial, humanity has been inherently driven by astronomical quests,
with Galileo Galilei being the quintessential embodiment of this desire to peer into the
cosmos, when he first pointed a telescope towards the sky to observe a narrow spectrum
of visible frequencies, around the beginning of the XVIIth century (Singer, 2013). This
heralded the dawn of the era of observational astronomy, which, during the following
350 years, subsequently evolved from the optical band to extend across the whole elec-
tromagnetic spectrum.

The essence of this thesis lies in very high energy non-thermal astrophysics, with the
main focus being ground-based gamma-ray astronomy. We outline the key milestones
which have marked the development of gamma-ray astronomy during the past century.
For a thorough historical review of gamma-ray astronomy, we refer the interested reader
to Lorenz and Wagner (2012), Hillas (2013), and Funk (2015).
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1.2.1 Discovery of Cosmic Rays

The first detection of cosmic rays, around a century ago, involves the pioneering work
of two key figures: the Austrian-American physicist Victor F. Hess (Hess, 1912) and the
Italian physicist Domenico Pacini in two independent experiments (De Angelis, Gigli-
etto, and Stramaglia, 2010). Hess, while in a balloon flight, observed the ionisation rate,
i.e. an increase in the density of ionised particles, to increase with altitude. This ionising
radiation, consequently, was deduced to be emanating from a source beyond the Earth’s
atmosphere, a discovery which eventually earned Hess the Nobel prize in physics in 1936.
This extraterrestrial source was subsequently referred to as cosmic rays. Around the same
time, Pacini also found the radiation strength to decrease with the depth of water in both
a lake and the sea, when moving from the water surface to a few metres underwater.
An in-depth introduction to cosmic rays is provided in Section 1.3. This groundbreaking
discovery was the starting point of the study of the non-thermal Universe. Gamma-ray
instruments can be divided into ground-based and space-based detectors, with the pri-
mary detection techniques pertaining to ground-based observations, as relevant to this
work, outlined in Chapter 2.

1.2.2 Space-based Detection

Initial attempts to detect cosmic gamma-rays with balloon-borne detectors were unsuc-
cessful, as a result of the contamination from the high level of secondary gamma rays
produced by cosmic rays in the atmosphere (De Angelis and Mallamaci, 2018). The end
of the 1960s then witnessed the launch of the first gamma-ray satellites: The OSO-3 (Or-
biting Solar System) satellite (1967-1968) provided remarkable tangible evidence that the
Milky Way was a bright source of gamma-rays above 50 MeV. This was followed by SAS-
2 (1972-1973, E > 35 MeV), which unveiled the diffuse emission of the Milky Way and led
to the discovery of the Crab and Vela pulsar wind nebulae and the periodic signals from
their pulsars. COS-B (1975-1982, E > 100 MeV) subsequently compiled a catalogue of 25
sources, including one extragalactic source (quasar 3C 273) (Swanenburg et al., 1981).

In the 1980s, the Compton Gamma-ray Observatory (CGRO, Gehrels et al., 1993; Gehrels,
Chipman, and Kniffen, 1994) was launched, recording data from 1991 until 2000, which
represented a key phase in the growth of gamma-ray astronomy. It was composed of four
instruments that covered the electromagnetic spectrum across six orders of magnitude,
from 30 keV to 30 GeV: the Burst And Transient Source Experiment (BATSE, Fishman
et al., 1992), the Oriented Scintillation Spectrometer Experiment (OSSE, Johnson et al.,
1993), the Imaging Compton Telescope (COMPTEL, Schoenfelder et al., 1993), and the
Energetic Gamma Ray Experiment Telescope (EGRET, Fichtel et al., 1993), each with a
specific energy range, detection technique and scientific goal (see, for e.g., De Angelis
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FIGURE 1.2: Variation of integral number of high-energy astrophysical sources detected
with year of detection, the so-called “Kifune plot”. Figure from Stephen Fegan.2

and Mallamaci, 2018; Di Sciascio, 2019b, for technical specifications). The third EGRET
catalogue, yielding 271 sources, including several active galactic nuclei (AGN), led the
way to extragalactic gamma-ray astronomy at high energies (Hartman et al., 1999).

The launch of the Fermi gamma-ray telescope (formerly known as Gamma-ray Large
Area Space Telescope, or GLAST) in June 2008 marked the onset of a new era for space-
based gamma-ray astronomy. Currently in operation, it remains the largest space-based
detector and most sensitive gamma-ray telescope in orbit, powered by particle physics
technology. Its sensitivity outperforms that of its predecessor, the INTErnational Gamma-
Ray Astrophysics Laboratory (INTEGRAL, Teegarden and Sturner, 1999), launched in
2002. Fermi consists of two primary instruments: the Large Area Telescope (LAT, Atwood
et al., 2009), as a successor to EGRET, and the Fermi Gamma Burst Monitor (GBM, Mee-
gan et al., 2009). More details about the Fermi-LAT ensemble are provided in Chapter 7,
Section 1.2.2. The third catalogue of high-energy gamma-ray sources (3FGL, Fermi-LAT

2Available from: https://github.com/sfegan/kifune-plot

https://github.com/sfegan/kifune-plot
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Collaboration et al., 2015) produced by LAT contains 3033 sources above 4σ significance
within the 100 MeV - 300 GeV range. The fourth catalogue was recently released and
has twice the exposure as the third catalogue, and contains more than 5000 sources with
significance above 4σ (Thompson, 2019). The rising number of observed high-energy as-
trophysical sources is illustrated in Figure 1.2, the so-called “Kifune plot” (Kifune, 1996),
which depicts the integral number of high-energy astrophysical sources detected as a
function of year of detection. Fermi also made important observations of gamma-ray
bursts (GRBs), which are extremely intense and relatively short bursts of gamma radia-
tion (e.g. Fermi-LAT Collaboration et al., 2009), with the LAT detection of GRB 130427A
currently one of the highest energy outputs ever recorded (Fermi-LAT Collaboration et
al., 2014a).

Fermi-LAT

Incoming γ-ray

Tracker

Anticoincidence
Detector

CalorimeterData Acquisition
System

FIGURE 1.3: Schematic of the Fermi-LAT, illustrating the different instruments involved in
the detection of gamma-rays. The trajectory of an incoming gamma-ray photon is depicted,
along with the tracks of the resulting electron and positron formed via pair production.
Figure adapted from Atwood et al. (2009).

The Fermi-LAT is an imaging high-energy gamma-ray telescope (Atwood et al., 2009).
It is a pair production instrument with a large field of view. The LAT has four sub-systems
that work together to detect gamma-rays and to reject signals from the intense bombard-
ment of CRs. For every gamma-ray that enters the LAT, it will have to filter out 100 000 to
one million CRs, charged particles that resemble the particles produced by gamma-rays.
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The four main subsystems of the Fermi-LAT telescope are: tracker, calorimeter, anticoin-
cidence detector (ACD), and data acquisition system (DAQ), with their respective tasks
outlined in Appendix A.

In essence, the above instruments make a series of measurements to determine the
energy of the electron-positron pair produced by a gamma-ray, which can subsequently
be used to infer the primary photon energy and reconstruct the shower profile, while
rejecting CRs. The overall detection process may be summarised as follows: An incom-
ing gamma-ray photon first goes through the ACD and interacts in one of the tungsten
sheets, yielding an electron and positron via pair production (cf. Section 2.2.1). The paths
of the latter particles are measured by the tracker using silicon strips to infer the arrival
direction of the incoming gamma-ray. The electron and positron then enter the calorime-
ter which determines the energy of the gamma-ray photon via the measurement of the
respective energies of these particles. Undesired CR particles will produce a flash of light
in the ACD, which alerts the DAQ system to discard the signal. The DAQ system is also
designed to reject gamma-rays that originate in the atmosphere, which are not of interest,
based on their arrival direction. A schematic of the above detection pipeline is illustrated
in Figure 1.3.

Data released by the Fermi-collaboration are publicly available,3 along with standard
analysis software, from NASA’s Fermi Science Support Center.4

1.2.3 Ground-based Detection

Ground-based experiments, as detailed in Chapter 2, aim to detect the Cherenkov radia-
tion of charged particles in air (imaging atmospheric Cherenkov technique) or indirectly
detect the extensive air shower (particle detection technique) via the charged particles
reaching the ground (De Angelis and Mallamaci, 2018).

Imaging Atmospheric Cherenkov Technique

In 1952, Cherenkov light emission induced by cosmic rays in the atmosphere was first
detected by Galbraith and Jelley (1953), leading to pioneering studies by Chudakov and
Nesterova (1958). Cocconi (1960) proposed, in 1959, to measure gamma-ray sources in the
TeV energy range and predicted that the Crab nebula was a rich source of TeV gamma-
rays which could be detected using an instrument with sufficiently large angular res-
olution to reject the isotropic cosmic ray background. Zatsepin and Chudakov (1961),
motivated by this idea, then suggested to use Cherenkov radiation, eventually leading

3https://www-glast.stanford.edu/pub_data/
4https://fermi.gsfc.nasa.gov/ssc/

https://www-glast.stanford.edu/pub_data/
https://fermi.gsfc.nasa.gov/ssc/
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to the construction of the first Atmospheric Cherenkov Telescope (ACT), designed for
gamma-ray observations, in Crimea. This was followed by the ACT Whipple in 1968 on
Mount Hopkins in Arizona, another landmark for gamma-ray astronomy. The latter was
then upgraded in 1983 to employ a 37 pixel imaging camera proposed by Weekes (1981),
resulting in the first Imaging ACT (or IACT).

The seminal detection of TeV gamma rays from the Crab nebula in 1989 by the Whip-
ple Collaboration (Weekes et al., 1989), as a result of an imaging analysis developed by
Hillas (1985) for background rejection of cosmic rays, unlocked a new observational win-
dow onto the Universe: VHE gamma-ray astronomy. They observed an excess of photons
with energies ≥ 500 GeV emanating from the direction of the Crab nebula,5 to establish
the latter as a ‘stationary’ and continuous source of photons with energy in the range of
0.5 TeV to 10 TeV (Hillas, 2013). Subsequent observations by other experiments corrobo-
rated this claim, with this steady-state flux of photons now used as a standard candle to
improve instrumental and data analysis aspects. It is used to calibrate flux from detectors,
cross-calibrate ground-based detectors, perform stability tests and assess the sensitivity
of a given experiment (Di Sciascio, 2019b).

The development and implementation of IACTs changed the landscape of gamma-
ray astronomy. The second generation of IACTs was composed of High Energy Gamma
Ray Astronomy (HEGRA, Mirzoyan et al., 1994) on the Canary Islands and Collaboration
between Australia and Nippon for a Gamma Ray Observatory in the Outback (CAN-
GAROO, Kubo et al., 2004) in Australia. Some highly successful experiments of the
current generation include the High Energy Stereoscopic System (H.E.S.S., Hofmann,
2000), Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC, Baixeras,
2003) and Very Energetic Radiation Imaging Telescope Array System (VERITAS, Weekes
et al., 2002), which led to important breakthroughs in the field, as reviewed in Aharonian
and Casanova (2018). The next-generation ground-based observatory is the Cherenkov
Telescope Array (CTA, Cherenkov Telescope Array Consortium et al., 2019), with over
100 telescopes located in the northern and southern hemispheres, and will be the world’s
largest very-high-energy gamma-ray observatory, with an order of magnitude improve-
ment in sensitivity relative to current-generation detectors (e.g. Maier et al., 2019; Mazin,
2019).

Air Shower Particle Detection Technique

The first observation of TeV photons via a Air Shower Particle Detector (ASPD) array
was achieved in 1999 by Tibet AS-γ (Amenomori et al., 1992) using a sparse array of

5See Appendix A for more details.
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scintillator-based detectors. This was followed by observations from Milagro (The Mi-
lagro Collaboration, 2004), a water-Cherenkov instrument, and ARGO-YBJ (ARGO-YBJ
Collaboration et al., 2002), an array of resistive plate counters, which demonstrated the
potential of shower arrays for the detection of gamma-ray sources and flaring emissions
from extra-galactic sources (Di Sciascio, 2019b). This laid the groundwork and substanti-
ated the investment in the construction of the next-generation ASPD High Altitude Wa-
ter Cherenkov (HAWC, HAWC Collaboration et al., 2013) gamma-ray observatory, Large
High Altitude Air Shower Observatory (LHAASO, Di Sciascio and LHAASO Collabora-
tion, 2016) and Hundred*i Square-km Cosmic ORigin Explorer (HiSCORE, Tluczykont
et al., 2014). The HAWC observatory is of particular relevance to this thesis, with an
in-depth description of its instrumental features, data acquisition and analysis pipelines
provided in Chapters 3 and 4. A forthcoming next-generation instrument is the Southern
Wide-field Gamma-ray Observatory (SWGO, SWGO Collaboration et al., 2019).

Science Goals of HAWC

HAWC has a wide instantaneous FoV of ∼ 2 sr and high duty cycle of about 95% which
covers 8.4 sr on the daily sky, making it a powerful survey and monitoring experiment.
As shown in Figure 1.4, half of the Galactic plane is seen by HAWC, with the GC being
on the edge of the FoV as it lies close to the horizon of HAWC and is seen for a very small
fraction of the day.

(A) (B)

FIGURE 1.4: HAWC sky maps; the left panel (A) shows equatorial coordinates while the
right panel (B) displays galactic coordinates.

The angular resolution of HAWC (40% containment) is ∼ 0.1° above 10 TeV and has
differential point source sensitivity as illustrated in Figure 1.5. The sensitivity decreases
with increasing zenith angles because the incoming shower has to travel through a larger
layer of the atmosphere before reaching the detector. Thus, the sensitivity of HAWC is
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dependent on declination, the optimal being for sources transiting through the zenith
(19°).

FIGURE 1.5: Differential sentitivity of HAWC compared to other detectors. Fig-
ure adapted from Jardin-Blicq (2019), https://www.cta-observatory.org/science/
gamma-rays-cosmic-sources/.

The scientific aims associated with the HAWC gamma-ray observatory are:

1. Understanding of high energy particle acceleration and propagation from galactic,
for instance SNRs, and extra-galactic sources;

2. Detection and monitoring of transients such as AGNs, GRBs, flares from PWN and
binary systems as part of a real-time alert system;

3. Probing and study of extended sources such as the Fermi bubbles and galactic dif-
fuse emission;

4. Contributing to constrain fundamental physics problems, such as dark matter6 or
Lorentz invariance violation, within the scope of multimessenger astrophysics;

5. Study of the local CR anisotropy which provides an additional lens with which to
probe our local CR environment.

In line with the work presented in this thesis, the study of extended astrophysical
sources is of primary interest. Characterising their morphology and gamma-ray energy
spectra provides a pathway to elucidate the claims regarding the dominant processes at
the acceleration site.

6The measurement of gamma-ray emission from low luminosity, high mass galaxies can provide clues
for dark matter particles with masses of ∼ 1 TeV (VERITAS Collaboration et al., 2012; Scott et al., 2010)

https://www.cta-observatory.org/science/gamma-rays-cosmic-sources/
https://www.cta-observatory.org/science/gamma-rays-cosmic-sources/
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1.3 Introduction to Cosmic Rays

The discovery of cosmic rays (CRs) by Victor Hess, as outlined in Section 1.2.1, triggered
a series of community-wide efforts to understand their origin and nature. The work of
Bothe and Kolhörster (1929) elucidated the corpuscular nature of CRs as charged particles
emanating from outer space. The following decade helped to shape our understanding
of Extensive Air Showers (EASs) initiated by CRs, as a result of the work of Pierre Auger,
and culminated in deducing the ∼PeV energies of the primary CR particles. Through the
observation of EASs and/or the direct detection of CRs, the energy spectrum of CRs, as
depicted in Figure 1.6, has been measured by several experiments over a period spanning
several decades.

1.3.1 Cosmic Ray Spectrum

The primary CR all-particle energy spectrum, i.e. the number of nuclei as a function of
total energy, displays some distinctive features, as labelled on Figure 1.6:

• An initial ∼ E−2.7 power-law behaviour until a small and smooth drop in energy,
known as the “knee” around a few PeV;

• A subsequent ∼ E−3.1 power-law behaviour until a further slight dip around 1017

eV, usually referred to as the “second knee”;

• A transition to the initial ∼ E−2.7 power-law behaviour around 1018 eV, the so-called
“ankle”;

• A cut-off around 1020 eV, with the most probable explanation being due to extra-
galactic CR interactions with the cosmic microwave background (CMB), also known
as the Greisen-Zatsepin-Kuzmin (GZK) effect (Greisen, 1966; Zatsepin and Kuz’min,
1966).

The above features encode fundamental information pertaining to the key unresolved
mystery of CR origin. Understanding the origin of the knee is essential to piece together
a comprehensive picture of the origin of CRs up to the ankle. The location of the knee,
in particular, depends on the particle species since the larger the charge of a given par-
ticle, the higher is its peak in energy. Below the knee, the CR origin is believed to be of
galactic nature, with supernova remnants (SNRs) being a plausible source. Above 1015

eV energies, however, CRs are no longer restrained by the magnetic fields and length
scales of galactic objects and consequently escape, such that the energy scale coincides
with the transition from galactic to extragalactic origin. The second knee is subsequently
attributed to the transition to heavy primary particles (Particle Data Group et al., 2018),
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(A)

Knee

2nd Knee

Ankle

(B)

FIGURE 1.6: The top panel displays the spectrum of primary CRs, as a function of en-
ergy per nucleus, as measured by several experiments, figure obtained from https://www.
physics.utah.edu/~whanlon/spectrum.html. The characteristic features depicted in the
bottom panel include the knee, second knee and the ankle. Figure adapted from Di Sciascio
(2019a).

https://www.physics.utah.edu/~whanlon/spectrum.html
https://www.physics.utah.edu/~whanlon/spectrum.html
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with an interesting interpretation by Lemoine (2005) and Kotera and Lemoine (2008) asso-
ciating this transition to a suppression of the extragalactic CR spectrum due to magnetic
horizon effects, which are insignificant for energies below the second knee, such that the
galactic contribution dominates in that regime. The eventual ankle indicates the highest-
energy CRs which are most likely of extragalactic origin. The flux suppression, as seen in
the tail of the CR spectrum at the highest energies, can be explained by the GZK effect.
The latter attributes this cut-off to the interaction of CRs with the CMB, resulting in a
horizon at 50 Mpc as the distance that CRs of energies > 1020 eV can travel.

1.3.2 Composition of Cosmic Rays

FIGURE 1.7: Energy spectra of the distinct elements in cosmic rays, measured by various
experiments over an extended energy range. Figure from Particle Data Group et al. (2012).

It is important to note that the exact locations of the aforementioned transitions, corre-
sponding to the different features in the CR energy spectrum, and their respective origins
are not yet known with certainty due to their dependence on the mass composition of the
CR spectrum. Figure 1.7 illustrates the energy spectrum of the various elements making
up the composition of CRs.
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At low energies below 1014 eV, it is possible to directly measure the composition of
cosmic rays, which consists predominantly of atomic nuclei, with a fraction of charged
leptons such as electrons and positrons. At higher energies, direct measurements are no
longer possible and as such, we can detect only the secondary particles resulting from
the interactions with the atmosphere. Therefore, experiments are specifically designed
to cover a large area to detect these secondaries, such that the reconstruction of the air
shower will yield an estimate of the CR composition.

The key observables in studying the composition of CRs are the mean and variance,
⟨Xmax⟩ and σ(Xmax), respectively, where Xmax corresponds to the atmospheric depth at
which the number of particles in the EAS is maximum, this is described further in Chap-
ter 2, Section 2.1.1. These two observables are typically employed to discuss experimental
composition results for energies above ∼PeV.

1.4 Fermi Acceleration Mechanisms

In this section, we outline the astrophysical acceleration mechanisms of high energy CRs,
relativistic charged particles, which are accelerated to high energies in extreme astrophys-
ical systems. In essence, the acceleration of CRs is due to the recurring crossing of charged
particles through shock boundaries (or shock fronts). In particular, we describe the first
and second order Fermi acceleration framework, which depend on the properties of the
moving plasma while other acceleration mechanisms are outlined in Appendix A.

Second order Fermi Acceleration

The Fermi acceleration mechanism, as proposed by Fermi (1949), is capable of acceler-
ating particles to very high energies via collisions with a magnetised shock front. The
seminal model entails the scattering of charged particles due to irregularities in the struc-
ture of the magnetic field. We briefly review the mathematical formalism underlying the
second order Fermi acceleration.

We consider the random motion of scattering centres which “reflect” a given incident
particle with energy and momentum, Ei and pi, respectively, prior to the collision, with E f

and p f being the corresponding quantities after the collision. The energy and momentum
are defined in the reference frame of the cloud. Denoting the incident angle of the particle
by θi and the angle after scattering as θ f and performing a boost into the cloud reference
frame yields:

E′
i = γEi(1 − β cos θi) , (1.1)
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where β = v/c, v is the speed of propagation of the cloud and γ ≡ (1 − β2)−1 is the
Lorentz factor. The energy of the particle, after leaving the cloud, is:

E f = γE′
f (1 + β cos θ′f ) . (1.2)

Conservation of energy in the cloud reference frame implies E′
i = E′

f . The energy gain
after each subsequent scattering of a CR by the magnetised centre can be conveniently
expressed as (e.g. Protheroe, 1999):

∆E
E

≡
E f − Ei

Ei
= γ

E′
f

E′
i
(1 − β cos θi + β cos θ′f − β2 cos θi cos θ′f )− 1 . (1.3)

Since the scattering of CRs by the irregular patterns in the magnetic field is an approx-
imately random process, we obtain the average energy gain by performing an average
over the angles θi and θ′f . The random scattering of the particles in all directions in the
cloud reference frame implies that ⟨cos θ′f ⟩ = 0, whilst the average value of θi is depen-
dent on the geometry of the scattering. Under the assumption of azimuthal symmetry,
the probability of collision depends only on θi. Considering ultrarelativistic particles, i.e.
v → c, the averaging over all angles from 0 to π leads to:

⟨cos θi⟩ =
∫ 1
−1 dx x(1 + βx)∫ 1
−1 dx (1 + βx)

= −β

3
, (1.4)

where x ≡ cos θi. In the non-relativistic limit, i.e. β << 1, the average energy gain
simplifies to: ⟨

∆E
E

⟩
≈ 4

3
β2 . (1.5)

This constitutes the second order Fermi mechanism, so-called because the energy gain is
proportional to the second power of β, i.e. the square of the velocity of the cloud. Nev-
ertheless, this energy gain is small, with the resulting spectrum following a power law,
N(E) = E−α, where N(E) corresponds to the number of particles and α = −(1/E)(dE/dt)tesc

is the spectral index, with tesc being the time-taken by the CR to escape the cloud. A more
detailed description of the above mechanism can be found in Longair (2011).

First order Fermi Acceleration

The first order Fermi acceleration, also known as diffusive shock acceleration, involves the
propagation of powerful shock waves, as non-linear disturbances, in the interstellar medium
(ISM), which transfer energy and momentum to the particles.
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As mentioned above, second order Fermi acceleration cannot attain very high energy
gains. Consequently, the framework of the more efficient first order mechanism was for-
mulated (Axford, Leer, and Skadron, 1977; Krymskii, 1977; Bell, 1978a; Bell, 1978b; Bland-
ford and Ostriker, 1978). Conceptually similar to the second order mechanism (cf. equa-
tions (1.1) and (1.2)), the first order framework involves particles moving with velocity vp

which interact with the shock front moving with vs. As in the second order scenario, CR
particles gain energy via interactions with the irregular features of the magnetic field. In
a nutshell, a given particle gains energy as it crosses the shock front and is subsequently
scattered or isotropised in the gas rest frame on a particular side of the shock, such that it
loses all sense of its original direction. This consequently results in multiple crossings of
the shock front. The average energy gain in one round trip (i.e. two shock crossings) can
be expressed as (e.g. Longair, 2011): ⟨

∆E
E

⟩
≈ 4

3
β . (1.6)

Analogous to its second order counterpart, the terminology of first order Fermi accelera-
tion is due to the energy gain being linearly proportional to the velocity of the shock. The
differential spectrum may be written as (e.g. Longair, 2011):

dN(E)
dE

∝ Eα . (1.7)

Acceleration via the above diffusive shock framework is feasible in supernovae up to
PeV energies or even higher, depending on when the shock wave dissipates. For particles
to be accelerated to EeV energies, as in the case of the most energetic CRs observed, other
factors, such as the properties of the magnetic field, which will extend the duration of
particle confinement to the accelerator site, must be considered.

1.5 Gamma-ray Emission Mechanisms

Gamma-rays are produced via the interaction of highly energetic charged CR particles
with the different environments they encounter. Due to the distinct types of charged par-
ticles and ambient astrophysical media, the nature of the interaction is not unique and
lead to different gamma-ray emission mechanisms. A proper understanding of these
mechanisms is essential to obtain insights about the origin, type and propagation of CR
particles in different media. The origin of gamma-rays is either hadronic or leptonic,
while possible forms of media are matter, radiation or magnetic fields. As such, there
are two primary scenarios of gamma-ray emission processes: leptonic (bremsstrahlung,
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Leptonic

Leptonic Hadronic

Leptonic

FIGURE 1.8: Schematic illustrating the primary channels of gamma-ray emission, namely
the bremsstrahlung, synchrotron, inverse Compton and pion decay mechanisms. Figure
adapted from López-Coto (2015) and Joshi (2019).

synchrotron7 and inverse Compton scattering) and hadronic (pion decay), as depicted
in Figure 1.8, with the spectral energy distribution of their respective gamma-ray emis-
sion displayed in Figure 1.9. These mechanisms are discussed below, with more detailed
descriptions found in Blumenthal and Gould (1970), Rybicki and Lightman (1986), and
H.E.S.S. Collaboration et al. (2004).

1.5.1 Bremsstrahlung

The energy loss of electrons, as they are decelerated while passing in the vicinity of atomic
nuclei and ions and subsequently emit a gamma-ray photon (cf. top left panel of Fig-
ure 1.8), is known as “bremsstrahlung” (or braking radiation). The corresponding rate of
energy loss of the electrons can be expressed as:

−dEe

dt
=

cmpn
X0

Ee , (1.8)

7The mass of electron is much lower than that of proton, consequently the contribution from electrons
is dominant and this emission mechanism is treated as leptonic
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FIGURE 1.9: Spectral energy distribution of gamma-ray emission by bremsstrahlung, syn-
chrotron, inverse Compton and neutral pion decay mechanisms. Figure adapted from
Jardin-Blicq (2019) and is solely for the purpose of illustrating the shape and energy range
of the emission mechanisms of interest.

where Ee denotes the electron energy, mp is the proton mass, c is the speed of light in
vacuum, with n being the number density of the ambient gaseous medium, while X0

corresponds to the radiation length, a specific property of the medium, which charac-
terises the mean distance over which an ultrarelativistic electron loses 1/e of its energy
via bremsstrahlung. The lifetime τbr of electrons with energy Ee varies with the energy
loss rate as:

τbr =
Ee

−dEe/dt
≈ 4 × 107(n/cm−3)−1yr . (1.9)

Since the energy loss rate is proportional to the electron energy, i.e. −dEe/dt ∝ Ee the
lifetime is independent of the electron energy. This implies that energy losses due to
bremsstrahlung only do not influence the shape of the electron spectrum. With the en-
ergy loss rate being directly proportional to the surrounding gas density, bremsstrahlung
becomes particularly significant for gamma-ray production at MeV energies in dense
gaseous environments, but at very high energies it becomes subdominant to the processes
described below.

1.5.2 Synchrotron Radiation

Electrons with relativistic velocities moving in a magnetic field spiral around the mag-
netic field lines (cf. bottom left panel of Figure 1.8) due to the perpendicular component
of their velocity to the magnetic field lines. As a result of this circular motion, electrons
experience an acceleration and emit photons in a process known as synchrotron radiation.
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In analogous fashion, electrons moving along curved magnetic field lines are also accel-
erated and emit EM radiation in a mechanism known as curvature radiation. The average
rate of energy loss due to synchrotron emission is given by:

−dEe

dt
=

4
3

σTcUmag

(v
c

)2
γ2 , (1.10)

where σT is the Thomson scattering cross-section, Umag = B2/2µ0 is the energy density of
the surrounding magnetic field of strength B with µ0 being the magnetic permeability in
vacuum. The corresponding lifetime of electrons emitting synchrotron radiation can be
written as:

τsync =
Ee

−dEe/dt
∝

1
B2

1
Ee

, (1.11)

which implies a reduced lifetime for high-energy electrons in strong magnetic fields.
Hence, the lifetime of such electrons is much shorter than the observed lifespan of ex-
tremely energetic astrophysical objects such as the Crab nebula, which, in turn, entails
continuous acceleration of electrons within such sources. The synchrotron emission by a
given population of electrons with energy Ee has a continuous spectrum with a peak at a
characteristic energy of:

Esync ≃ 0.2

(
B

10−5G

)(
Ee

TeV

)2

eV , (1.12)

which translates to synchrotron radiation of roughly 1 keV energy for 100 TeV electrons in
a 5 µG magnetic field (Aharonian, Atoyan, and Kifune, 1997). Note that for any charged
particle of mass m, the energy loss rate ∝ 1/m4 due to σT ∝ 1/m2. Consequently, lighter
particles will produce more intense synchrotron emission via a larger energy loss, im-
plying that electrons will result in several orders of magnitude more energy loss than
protons, such that the observed synchrotron radiation is mainly attributed to CR elec-
trons.

1.5.3 Inverse Compton Scattering

The scattering of a photon by a charged particle, usually an electron, is known as Comp-
ton scattering, which typically yields an energy loss and gain, respectively, of the photon
and electron. The converse process is known as inverse Compton (IC) scattering, whereby
a high-energy electron scatters off a low-energy photon, such that the latter gains energy
while the incident particle loses energy (cf. top right panel of Figure 1.8). Interactions
of CR electrons with ambient radiation fields such as the CMB, star light or the infrared
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background, may, therefore, scatter photons to much higher gamma-ray energies via such
IC processes.

The IC scattering cross-section, σIC, is defined in terms of the electron energy Ee and
initial photon energies of ω0, and subsequently the ratio ϵ0 = ω0/Ee, using the Klein-
Nishina (KN) formula (Klein and Nishina, 1929) as follows:

σIC =
3σT

8ϵ0

[(
1 − 2

ϵ0
− 2

ϵ2
0

)
ln (1 + 2ϵ0) +

1
2
+

4
ϵ0

− 1
2(1 + 2ϵ0)2

]
. (1.13)

Note that the rest frame electron energy is Ee = mec2, where me is the electron’s rest
mass. The ratio ϵ0 characterises two distinct regimes of IC scattering: ϵ0 << 1, for non-
relativistic electron energies, is the so-called Thomson regime, whilst ϵ0 >> 1 is referred
to as the KN regime.

The energy loss rate via IC scattering in the Thomson regime may be expressed as:

−dEe

dt
=

4
3

σTcUrad

(v
c

)2
γ2 , (1.14)

where Urad denotes the density of ambient photon fields. The energy loss rate is ∝ E2
e in

the Thomson regime, but is independent of Ee in the KN regime. The lifetime of electrons
due to energy losses via IC scattering is as follows:

τIC =
Ee

−dEe/dt
∝

{
1
Ee

, (Thomson regime)
Ee , (KN regime)

(1.15)

which implies that higher energy electrons will cool down faster than lower energy ones
in the Thomson regime.

For a given population of electrons with energy Ee, IC scattering results in the follow-
ing characteristic photon energy of:

EIC ≃ 5

(
ω0

MeV

)(
Ee

TeV

)2

GeV , (1.16)

which implies that IC scattering of 100 TeV electrons off the CMB, with typical photon
energy 6 × 10−4eV, yields photons of approximately 30 TeV (Aharonian, Atoyan, and
Kifune, 1997). Assuming that photons up-scattered by synchrotron and IC processes are
due to the same parent electron population, we can relate their respective characteristic
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energies using equations (1.12) and (1.16) as:

Esync

keV
≃ 0.07

(
EIC

TeV

)(
B

10−5G

)
. (1.17)

From equations (1.10) and (1.14), we obtain the following relation between the emitted
photon flux due to synchrotron and IC emission, denoted by Fsync and FIC, respectively,
which depends only on the magnetic field,

Fsync

FIC
=

Umag

Urad
≃ 0.1

(
B

10−5G

)−2

. (1.18)

The above relation therefore allows us to estimate the magnetic field strength within a
particular astrophysical environment, by comparing measured flux, which also implies
that synchrotron emission is the dominant component only if the magnetic field strength
is higher than 3.2µG threshold. Moreover, as in the case of synchrotron radiation, the
mass dependence of the energy loss rate implies that IC scattering of protons will result
in ∼ 13 orders of magnitude lower energy loss relative to electrons, rendering this process
less significant for hadrons. Hence, this is usually referred to as a leptonic scenario of
gamma-ray emission.

1.5.4 Pion Decay

The primary process involved in the hadronic scenario of gamma-ray production is the
neutral pion decay (Ginzburg and Syrovatskii, 1964). Pions are the by-products of proton-
proton or proton-nuclei collisions, induced by the hadronic CR particles travelling through
the dense interstellar environments. The probability of occurrence of both the charged
(π+, π−) pions and the neutral (π0) pion are the same. The threshold energy required
to produce neutral pions from protons is ∼ 280 MeV. Charged pions decay mainly into
muons and neutrinos via the weak interaction, whilst the neutral pions decay by emit-
ting a photon pair, i.e. π0 → γ + γ (cf. bottom right panel of Figure 1.8), with a much
shorter mean lifetime of τ = 8.4 × 10−17s (Martin and Shaw, 2008). In dense regions
where protons are relativistic in nature, the pions resulting from the collisions are highly
energetic and their decay, therefore, yields VHE gamma-ray emission. If hadronic inter-
actions are dominant in a given astrophysical environment, then the VHE gamma-ray
spectrum displays a characteristic “pion bump” at GeV-TeV energies indicative of the
hadronic gamma-ray production, as shown in Figure 1.9.
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1.5.5 Other Secondary Mechanisms

Electron-Positron Pair Annihilation

An important process at lower energies is the annihilation of electron-positron pairs, i.e.
e+ + e− → 2γ, which yields an emission line at 0.511 MeV. This process depends on two
primary factors: the number density of electrons in the astrophysical medium and the
degree of influx of relativistic positrons (Aharonian, 2004).

Nuclear Emission

There are two astrophysical nuclei processes which can lead to gamma-ray production,
namely the decay of radioactive nuclei resulting from nucleosynthesis and the de-excitation
of nuclei induced by CRs (Kozlovsky, Murphy, and Ramaty, 2002; Diehl, Prantzos, and
von Ballmoos, 2006). The characteristic energy of gamma-ray emission of radioactive nu-
clei, which are expelled by astrophysical objects during explosive nucleosynthesis, is ∼
10-100 MeV per nucleon.

1.6 Acceleration Sites

The acceleration of CRs via the Fermi mechanism, as outlined in Section 1.4, occurs in var-
ious known astrophysical environments. A rudimentary but fundamental requirement
for CR acceleration was derived by Hillas (1984), whereby the particle’s Larmor radius
of gyration in the magnetic fields surrounding a given source cannot be larger than the
physical size of the source for the particle to be confined. The Larmor radius, in essence,
corresponds to the radius of a charged particle’s circular motion in a uniform magnetic
field. In this framework, the maximum energy (Emax) attainable by a particle is given by:

Emax = ZβsBL , (1.19)

for a particle with charge Z, moving with velocity βs in a magnetic field with strength B
of an astrophysical object with physical size L. This condition yields the so-called “Hillas
plot”, illustrated in Figure 1.10, which depicts the distinct acceleration sites and their
associated magnetic fields with respect to their physical size. This is an extremely useful
tool to characterize the candidates responsible for CR acceleration. According to this
plot, the acceleration of CR particles with E ∼ 1020 eV necessitates an extremely efficient
mechanism (βs ∼ 1) as present in extreme astrophysical systems such as neutron stars,
active galactic nuclei (AGNs) and jets of radio galaxies.
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FIGURE 1.10: The Hillas plot illustrating the size and magnetic field strength of various
astrophysical systems as potential particle acceleration sites. The different lines depict the
Hillas condition as the maximum energy attainable for the distinct particle species with
respect to source size and magnetic field, with the sources above the lines satisfying this
condition. Figure from Blümer and Kampart (2000), which is an adaptation of Hillas (1984).

We now provide a brief description of a series of small and large extended known
sources of gamma-ray emission in the following subsections. We provide a list com-
prising both potential and confirmed sources which could be transients or steady state.
Sources of galactic origin are primarily comprised of pulsars and pulsar wind nebu-
lae (PWN), supernova remnants (SNRs) and stellar binary systems, whilst extragalactic
sources predominantly include gamma-ray bursts (GRB), active galactic nuclei (AGN)
and starburst galaxies.

Supernova Remnants

Supernova remnants (SNRs) are the relics of the explosion of massive stars in supernovae
(SNe) and are surrounded by an expanding shock wave resulting from the interaction
between the material ejected by the SN explosion and the ISM. The emerging shock front
consequently acts as a CR acceleration site, producing VHE gamma-rays with their origin
generally thought to be of hadronic nature (Naito and Takahara, 1994; Gaisser, Protheroe,
and Stanev, 1998).
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Pulsars and Pulsar Wind Nebulae

Pulsars are rapidly-rotating neutron stars with a strong dipole magnetic field, first discov-
ered by Jocelyn Bell in 1967 (Hewish et al., 1968). Such highly magnetised objects induce
strong magnetic potentials that are capable of accelerating CRs to UHE to produce VHE
gamma-ray emission (MAGIC Collaboration et al., 2008). The interaction of the acceler-
ated particles with their surroundings leads to the formation of the pulsar wind nebula.
Subsequent interactions with the ISM produce shocks capable of accelerating particles,
such as electrons, to PeV energies, yielding gamma-ray emission via the leptonic scenario.
The Crab nebula is an established strong source in the gamma-ray sky as mentioned in
Appendix A.

Stellar Binary Systems

There are many known stellar binary systems in the Milky Way, but to date only six of
them are known to produce gamma-ray emission, with the latest system (SS 443) recently
seen at TeV energies with the HAWC observatory (HAWC Collaboration et al., 2018b).
Such systems typically consist of a massive star and a heavy and compact companion
such as a neutron star or black hole. Several explanations of the gamma-ray emission have
been put forward, as reviewed in (Dubus, 2013), such as the accretion of mass from the
massive companion star to produce a jet as a particle acceleration site, or the interaction
between the winds of the pulsar and those of the massive star to form a shock where
particle acceleration occurs.

Galactic Centre

The Galactic centre (GC) hosts the radio source Sgr A*, but is also an important gamma-
ray source. It has a bright point-like appearance with a diffuse ridge-like emission con-
stituting the surrounding envelope. Recently, it was shown that the GC source acceler-
ates protons to PeV energies (H.E.S.S. Collaboration et al., 2016). The conditions in the
GC, with high supernova rates, strong magnetic fields, intense radiation fields, and large
amounts of dense molecular gas in the central molecular zone, promote bright gamma-
ray emission via interactions between such an augmented ISM and cosmic rays (Yoast-
Hull, Gallagher, and Zweibel, 2014).

Central Molecular Zone

Within the inner few parsecs, the GC hosts the galaxy’s most active star forming re-
gion known as the Central Molecular Zone (CMZ).8 The CMZ extends approximately from

8More details can be found at https://web.archive.org/web/20140219030646/http://www.phys.
unsw.edu.au/mopracmz/

https://web.archive.org/web/20140219030646/http://www.phys.unsw.edu.au/mopracmz/
https://web.archive.org/web/20140219030646/http://www.phys.unsw.edu.au/mopracmz/
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galactic longitude 1.7° to −0.7° and ±0.2° in galactic latitude. It consists of 5% of the to-
tal molecular content of the Galaxy and is thus prominent in molecular emission which
suggests the presence of extensive star formation. The conditions prevailing within the
CMZ is quite different compared to molecular clouds, with significantly higher temper-
atures, densities and turbulent velocities. According to the Mopra9 CMZ molecular line
mapping survey, typical temperatures are 30 K to 60 K but can rise to 200 K, compared
to 10 to 20 K in giant molecular clouds. Moreover, the densities exceed 104cm−3 through-
out, and turbulent velocities are as high as 15 to 50 km/s compared to ∼ 5 km/s in giant
molecular clouds. Thus, the CMZ is a strong source of gamma-ray emission.

Diffuse Emission

The interaction of leptonic and hadronic CRs with the gas of the ISM and photon fields
yields the galactic diffuse gamma-ray emission (Aharonian et al., 2008; Fermi-LAT Col-
laboration et al., 2012) via mechanisms such as pion decay, bremsstrahlung and inverse
compton scattering. This diffuse emission is the primary constituent of the gamma-ray
sky in the energy range of 200 Mev to 100 GeV, as seen with Fermi-LAT, thereby allowing
us to probe the distribution and propagation of CRs in the Milky Way.

Giant Molecular Clouds

There is an approximately uniform distribution of atomic (HI) hydrogen in the Milky
Way, with a higher concentration in the Galactic plane, while molecular hydrogen (H2) is
generally clustered in dense clouds. As outlined in Section 1.4, the inelastic scattering of
hadronic CRs off the gas of the ISM produces gamma-ray emission. As such, molecular
clouds are potentially a source of particularly intense and localised gamma-ray emission
in the presence of hadronic CRs. Giant molecular clouds can also be considered as a form
of diffuse emission, providing a means to study the galactic CR flux and distribution in
distant regions of the galaxy (Casanova et al., 2010; Yang, de Oña Wilhelmi, and Aharo-
nian, 2014).

Massive Stellar Clusters

The formation of massive stars within giant molecular clouds often end as dense gravita-
tionally bound stellar clusters (Williams, Blitz, and McKee, 2000). With most (∼ 70%) of
the massive stars are bound in binary systems (de Mink et al., 2014), the interactions re-
sult in colliding wind binaries, which, along with collective stellar winds and supernova
explosions within stellar clusters, are potential CR acceleration sites.

9The Mopra Telescope is a radio telescope located about 450 km north-west of Sydney, Australia.
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Fermi Bubbles

Fermi bubbles are large structures emanating from the central region of our galaxy, which
have been detected with Fermi-LAT gamma-ray instrument in the MeV range (Su, Slatyer,
and Finkbeiner, 2010). These bubble-like structures have motivated various studies and
simulations to shed some light on their origin and gamma-ray production mechanisms.
A search for these bubbles and other large-scale structures at TeV energies constitutes a
significant part of this thesis, and as such, the Fermi bubbles are described and discussed
in depth in Chapter 7.

Gamma-ray Bursts

Gamma-ray bursts (GRBs), while relatively short-lived, constitute some of the most spec-
tacularly bright extragalactic objects in the sky, as a result of extremely energetic gamma-
ray outbursts. They have long been proposed as highly probable sites of CR acceleration
(Vietri, 1995; Waxman, 1995) and are classified as short (< 2s) and long (> 2s) duration
GRBs. The origin of this dichotomy stems from the physical mechanisms responsible for
the energetic emission, respectively, through the merger of two compact objects or the
hypernova explosion of a very massive star. In all scenarios, there is an initial almost in-
stantaneous emission of gamma-rays, followed by an eventual afterglow emission across
the EM spectrum (Kumar and Zhang, 2015). For instance, GRB 190114C was observed at
TeV energies (MAGIC Collaboration et al., 2019) and GRB 180720B at hundreds of GeV
(H.E.S.S. Collaboration et al., 2019a).

Active Galactic Nuclei

Galaxies with a central nucleus as the brightest region of the galaxy, hosting a super-
massive black hole, are known as active galactic nuclei (AGNs). Past observations have
shown powerful collimated jets of relativistic charged particles emanating from the cen-
tral galactic region, resulting in non-thermal emission in radio to gamma-rays (Fabian,
2012; Netzer, 2015) and can be further categorised as blazars, radio galaxies and quasars,
depending on the viewing angle.

Starburst Galaxies

The distinctive feature of starburst galaxies is an exceptionally high star-formation rate,
which consequently yields a high SN explosion rate, in turn leading to a high CR density.
These CRs are then responsible for producing VHE gamma-ray emission (Ohm, 2016;
Owen et al., 2019). Such galaxies are also observed to drive powerful nuclear outflows
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(or “magnetised winds”), which are potential sites of high-energy particle acceleration
(Anchordoqui, Romero, and Combi, 1999).

Galaxy Clusters

Galaxy clusters, as the largest bound objects in the Universe, have inevitably been consid-
ered as plausible sites of CR production (Kang, Rachen, and Biermann, 1997; Ryu et al.,
2003). Despite their moderate magnetic fields, they are extended over several Mpc, such
that they are capable of confining particles to extremely high energies (Fang and Olinto,
2016). Galaxy clusters may also host sites of CR acceleration, such as AGNs with jets
(Murase, Inoue, and Nagataki, 2008; Kotera et al., 2009; Fang and Murase, 2018).
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2
Ground-based Particle Detection
Techniques for Very High Energy
Gamma-ray Astronomy

This chapter describes the essential aspects of ground-based particle detection techniques.
In the following section, we review the physics of extensive air showers (EAS) and out-
line the key observables as relevant to this thesis. The remainder of this chapter is then
organised as follows: The production of muons in the atmosphere, which leaves a dis-
tinct observational footprint, is covered in Section 2.1.3. We then describe the particular
characteristics of hadron-induced air showers, in contrast to gamma-ray initiated coun-
terparts, in Section 2.1.2. The following Section 2.2 elaborates on the processes involved
in atmospheric shower physics, with the last part of this chapter, Section 2.3, providing a
description of the various ground-based detection methods.

2.1 Extensive Air Showers

Since gamma-rays interacts with the Earth’s atmosphere, the observation of gamma-rays
from the ground must inevitably rely on indirect detection methods. The interaction of
highly energetic primary gamma-ray photons or CR particles with the nuclei present in
the atmosphere initiates a cascade of particle collisions, scattering and decay interactions,
resulting in secondary particles. This cascade process is known as extensive air showers
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(EAS) and is a crucial aspect of ground-based observations. Different methods, as ex-
plained in the sections below, can be employed to reconstruct the properties of the EAS
detected in order to determine the nature, energy and direction of the primary particle.

FIGURE 2.1: Schematics of a gamma-induced shower (left panel) and proton-induced shower
(right panel). Figure from Jardin-Blicq (2019).

2.1.1 Electromagnetic Showers

EAS may be broadly classified as hadronic or electromagnetic (EM) showers, depending
on whether they were initiated by a charged hadronic particle (proton-dominated, cf. Sec-
tion 2.1.2) or an energetic photon or lepton (both electrons and positrons), respectively, as
illustrated in Figure 2.1. EM showers induced by either gamma-ray photons or leptons
are nearly identical, with the sole difference being the average height of first interaction.
Leptons (mostly electrons) will interact at earlier times than gamma-ray photons of simi-
lar energy since the former have a larger interaction cross-section.

The principal physical mechanisms driving the development of an EM air shower are
bremsstrahlung (cf. Chapter 1.5.1), pair production (cf. Section 2.2.1 below), Compton
scattering and photo/electro-nuclear interactions. For production of secondary particles
through pair production to occur, usually in the vicinity of a nucleus, the original energy
of the gamma-ray photon should exceed the sum of the rest mass energy of the electron-
position pair, i.e. Eγ > 2mec2 ∼ 1.02 MeV. The production of secondary photons occurs
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FIGURE 2.2: Variation of shower size of a typical TeV gamma-ray air shower with height
above sea level. The horizontal dashed line indicates the altitude of the HAWC observatory.
Figure reproduced from S. BenZvi.

via bremsstrahlung emission of a charged particle deflected when moving through the
Coulomb field of a nucleus. This process is defined by a particular length scale, X0, known
as the radiation length, encoded in the following relation between the particle energy and
the column density, x in g/cm2, covered:

E(x) = E0e−x/X0 , (2.1)

where E0 is the original energy of the primary particle. As such, X0 is the distance covered
by an electron, after which its initial energy is reduced by a factor of 1/e. The typical value
for electrons emitting bremsstrahlung radiation in air is X0 ∼ 37 − 38 g/cm2, while for
the mean free path for photons undergoing pair production is X0,γ = 9/7X0.

A simplified model of shower developement is the Heitler model (Bhabha and Heitler,
1937), which encodes three basic assumptions (Matthews, 2005):

• The radiation length of bremsstrahlung and pair production are the same;

• Bremsstrahlung and pair production are the only dominant mechanisms;

• Energy is distributed equally among the secondary particles (or gamma-ray pho-
tons) at every step.



36 Chapter 2. Ground-based Particle Detection Techniques

The earliest interaction of an air shower occurs typically at an altitude of around 10-20 km
above sea level (a.s.l). The development of the shower entails the production of secondary
particles, such that the shower expands along the forward (or longitudinal) direction. As
a result of scattering and particle decays with transverse moment component, the lateral
distribution of the shower also widens. The shower size is dictated by the energy of the
primary particle, the incident zenith angle and the height of the initial interaction. The
maximum depth of shower development, Xmax, measured from the uppermost layer of
the atmosphere, gets deeper with increasing energy.

According to the above Heitler model, an interaction occurs once per radiation length,
with the number of particles as a function of distance travelled given by N(x) = 2x/X0 ,
where each particle has an energy of E(x) = 2−x/X0 E0. The number of secondary particles
rises until it attains the maximum shower depth in the atmosphere at:

Xmax =
ln E0/Ec

ln 2
X0 , (2.2)

where Ec ∼ 80 MeV corresponds to the critical energy, at which the energy losses due
to bremsstrahlung and ionisation are the same. After attaining Xmax, the shower size is
gradually reduced due to the ionisation losses. The profile of shower size (or number
of particles) as a function of height above sea level is illustrated in Figure 2.2, which
shows that HAWC collects particles close to the shower maximum for ∼ 1 TeV gamma-
ray induced vertical showers.

The length scale for the lateral distribution of different types of particles is quantita-
tively characterised by:

r =
x
ρ

Es

Ec
, (2.3)

where Es denotes the transverse energy scale, and ρ corresponds to the density of the
atmosphere at a given height. For EM showers, the most commonly adopted length
scale for the lateral distribution of secondary particles is the so-called Molière radius, rM,
obtained by substituting x by X0, the radiation length. In essence, the Molière radius
characterises the scale of the transverse dimension of the EAS, with this radius con-
taining on average 90% of the energy deposited by the shower. The Molière radius, at
the altitude of HAWC (4 100 m a.s.l), is ∼ 124 m, using the following typical values of
the relevant quantities in the above equation: X0 = 36.08 g/cm2, Ec in air ∼ 84 MeV,
Es =

√
4π/αmec2 ∼ 21 MeV, ρair ∼ 7 × 10−4 g/cm3 (at the altitude of HAWC).

The direction of the incident primary particle, extrapolated to ground level, defines the
shower axis, around which the development of the EAS is centered. The secondary parti-
cles produced in the shower lie in concentrated regions close to the shower development
axis. The largest amount of energy is, hence, deposited at the intersection of the shower
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FIGURE 2.3: Schematic of an EAS, illustrating the interaction of a primary particle with
the Earth’s atmosphere, which subsequently leads to a shower of secondary particles as
depicted by the resulting Cherenkov flash cone in the particle shower front. The intersection
of the shower axis, where the incoming zenith angle is denoted by θ with the ground defines
the core location indicated using a golden star.

axis with the ground, with this location defined as the core of the air shower. A schematic
of an EAS depicting the shower axis and core location is illustrated in Figure 2.3. To deter-
mine the direction and energy of the primary particle initiating the air shower, a crucial
step is core reconstruction, i.e. estimating the core location of the EAS. The evolution of
the longitudinal distribution of the EAS around the shower axis depends on the type of
the primary particle, such that this property can be used to distinguish between EM and
hadronic showers, as elaborated in Section 2.1.2.

The lateral distribution of the secondary particles from the EAS depends on the type
and energy of the primary particle, and is usually characterised by the lateral distribution
function (LDF). In particular, the LDF of a given air shower event describes the observed
charge distribution as a function of distance from the shower axis, commonly referred
to as the impact distance. An analytical approximation to the LDF is given by the so-
called Nishimura-Kamata-Greisen (NKG) function, which depends on key parameters such
as shower age and shower size, as detailed in Appendix A.
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2.1.2 Hadronic Showers

In the hadron-induced showers, the early phase of the shower development involves pri-
marily strong interactions between the primary CR particle and the nuclei present in the
atmosphere. The major fraction of the secondary products consists of mesons (typically
pions and kaons, cf. Section 2.1.3), which subsequently decay into muons. The latter
constitutes a penetrating component of the shower. The transverse component of the
momentum transferred to the secondary particles produced in such interactions exceeds
that in EM interactions (usually Coulomb scattering). Moreover, the presence of hadronic
particles in hadron-induced showers yields several sub-showers.The vast majority of EAS
are not initiated by VHE gamma-rays but by hadronic CR particles.Fortunately, this un-
desirable hadronic background may be mitigated by exploiting the inherent contrasting
characteristics of lepton- and hadron-induced EAS.

As a result of the above two factors, a hadron-induced EAS displays a substantially
larger lateral spread, which is also reflected in the properties of the Cherenkov signal,
such as the particle arrival time and lateral distribution, observed on the ground. In
contrast to the irregular distribution of the Cherenkov light for a hadronic shower with
several light pools,1 the Cherenkov emission emanating from an air shower initiated by
a VHE gamma-ray has an arrival time within a few nanoseconds at a particular radial
distance from the shower core. A gamma-induced shower, therefore, yields a single reg-
ular light pool which is much more concentrated around the shower axis. The respective
characteristic signatures of gamma and hadronic showers are illustrated in Figure 2.4.
The discrimination of VHE gamma-ray events from hadronic ones is usually referred to
as gamma-hadron separation, and this constitutes the crux of Chapter 4 and is described
partially in Section 3.6 in Chapter 3.

2.1.3 Atmospheric Muon Production

A substantial component of the background events observed by a Cherenkov detector,
both by IACTs and WCDs, is composed of relativistic muons producing Cherenkov light.
The production of muons occurs predominantly in hadronic air showers from incident
CRs, at the first interaction height. When these primary CRs interact with the atmosphere,
such charged particles fragment into smaller nuclei to produce charged mesons, such as
pions and kaons. The latter mesons subsequently decay to form atmospheric muons,

1Cherenkov light pool is explained in Section 2.2.2.
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FIGURE 2.4: Contrast between the longitudinal (top panels) and lateral (bottom panels) dis-
tributions of electromagnetic (right panels) and hadronic showers (left panels). The primary
distinctive features of the hadronic shower are the presence of several sub-showers, result-
ing in a significantly larger lateral spread. Figure from Bernlöhr (2018).
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primarily via the following decay chains:

π± → µ± + νµ(ν̄) (∼ 100%) (2.4)

K± → µ± + νµ(ν̄) (∼ 63.5%) (2.5)

with their corresponding branching ratios indicated in parentheses. The lifetime of muon
decay is ≃ 2.2 × 10−6 s, which is sufficient for relativistic muons to reach the ground,
unlike for their non-relativistic counterparts (Martin and Shaw, 2008). Muons constitute
a penetrating component of EAS, travelling for longer duration and covering larger dis-
tances between two successive scattering interactions. Highly energetic muons maintain
the light cone structure around their direction of propagation and they typically possess
a significantly large transverse momentum component, therefore they can be separated
with relative ease from the parent air shower. This is in stark contrast to heavier charged
leptons which have a much faster decay rate and also lighter leptons which are blended
with other shower constituents and thus much harder to isolate.

2.2 Processes in Atmospheric Shower Physics

This section describes the crucial processes involved in atmospheric shower physics, pair
production and Cherenkov light production, respectively.

2.2.1 Pair Production

The interaction of a photon with the Coulomb field of a nucleus results in the production
of electron-positron pairs in a process known as pair production, γ → e++ e−. This process
can only occur at energies higher than the sum of the rest masses of the respective electron
and positron (1.02 MeV). Most of the remainder of the energy is then shared between the
two leptons in the form of kinetic energy, with the momentum conservation accounted
for by the nucleus.

2.2.2 Cherenkov Light Production

The propagation of a charged particle through a dielectric medium, such as air or wa-
ter, results in Cherenkov radiation. The first discovery of this effect was made by Pavel
Cherenkov (Cherenkov, 1934), which eventually led to him being awarded the Nobel
Prize in physics in 1958. The motion of the charged particle induces a net polarisation in
the medium due to the surrounding atoms and molecules moving accordingly to com-
pensate for its presence. This results in a net dipole field in the medium around the
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FIGURE 2.5: Schematic of pair production process. Diagram adapted from Donahue and
Nelson (1991).

(A) (B)

(C)

FIGURE 2.6: Panels (A) and (B) depicts the passage of a charged particle through a medium;
(A) is the case where v < c/n and (B) is the case where v > c/n. Panel (C) is a schematic
illustrating the production of Cherenkov radiation at an angle θc to the trajectory of the
charged particle moving with speed v. The coherent addition of the emission forms a conical
wavefront which moves outwards.
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particle. The former subsequently relaxes once the particle has passed, leading to the oc-
currence of dipole transitions, which are responsible for the emission of EM radiation. If
the charged particle is sufficiently energetic, it will travel faster than the phase velocity of
light in that medium, such that, in accordance with Huygen’s construction, the radiation
will add coherently along an angle θc, as illustrated in Figure 2.6. In the case of non-
relativistic particles, however, there is the destructive interference of the EM radiation
produced from the particles.

The energy of secondary particles in EAS is sufficiently high for them to be relativistic,
with their velocity v exceeding that of light in the medium, cmedium = c/n, where n
denotes the refractive index of the medium and c is the speed of light in vacuum. The
overall collection of the Cherenkov radiation emitted by each particle around its trajectory
yields Cherenkov emission in a cone along the shower axis, with an opening angle θc of:

cos θc =
c

vn
. (2.6)

A particle of mass m0 should have a threshold energy, Emin, to emit Cherenkov radiation,
which is given by:

Emin = γminmoc2 =
m0c2

√
1 − n−2

, (2.7)

where γmin is the corresponding Lorentz factor of the moving charged particle. Thus,
less massive particles will have a lower threshold energy and consequently are the dom-
inant component of Cherenkov radiation. The number of photons produced per unit
wavelength λ by an ultrarelativistic particle, as a function of distance covered x, is char-
acterised by the Frank-Tamm formula (Frank and Tamm, 1937):

d2N
dxdλ

= 2παZ2λ−2
(

1 − 1
β2n2(λ)

)
, (2.8)

with α ≈ 1/137 being the fine structure constant, while Z is the particle charge. The above
formula, by virtue of the wavelength dependence, also describes the peak of Cherenkov
emission, typically occurring in the range of blue to ultraviolet wavelengths. The emit-
ted and observed Cherenkov spectra are different because of attenuation from Rayleigh
scattering with air molecules, aerosols and so on as illustrated in Figure 2.7.

Cherenkov radiation generated by an EAS occurs in a cone along the shower axis
to produce an illuminated area on the ground, usually referred to as the Cherenkov light
pool, which typically lasts a few nanoseconds, roughly the duration of the air shower.
The edge of the light pool is defined by the overall cone produced along the shower
axis, corresponding to the collective sum of the individual emissions. The fuzzy edge
(cf. Figure 2.4) and the filled interior of the ring on the ground are due to the shower
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FIGURE 2.7: Cherenkov spectra for gamma-ray showers of different initial energies. The
solid lines correspond to the emitted spectra at 10 km height while the dashed lines corre-
spond to detected spectra at 2.2 km a.s.l. Figure from López-Coto (2015).

particles being scattered around the shower axis, thereby producing Cherenkov emission
at slightly varying angles with respect to the shower axis. The refractive index n of the
atmosphere is related to the height h via:

n(h) = 1 + n0 exp−h/h0 , (2.9)

where h0 = 7250 m and n0 = 0.000 29. The above height dependence of the atmospheric
refractive index causes θc and Emin to vary with height (cf. equations (2.6) and (2.7),
respectively). As a consequence, the radius of the Cherenkov light pool will depend on
the height of original emission and on the altitude at which the detection is made.

2.3 Detection Methods

This section describes the two main techniques for the observation of EAS, which rely, to a
great extent, on the Cherenkov radiation (cf. Section 2.2.2) emitted by charged particles. A
summary of a comprehensive overview of the various ground-based observational tech-
niques pertaining to EAS is illustrated in Figure 2.8. Space-based detection methods,
including a brief historical account, were outlined in Chapter 1.2.2. Charged particles
also produce light through fluorescence whereby atoms absorb photons of one wavelength
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FIGURE 2.8: Schematic illustrating the various detection techniques of signals emanating
from EAS. Figure adapted from Bernlöhr (2018).

and emit photons at a longer wavelength. With fluorescence detectors, the longitudinal
development of EAS can be studied. Lastly, air showers composed of moving charged
particles generate coherent radio emission which has two origins: A charge excess mech-
anism and deflection by the geomagnetic field. Using antennas and fast data acquisition
systems, the radio signals can also be used to infer information obtained about the EAS.

2.3.1 Imaging Atmospheric Cherenkov Telescopes

The direct observation EAS is possible via the measurement of the number, energy and
type of particles within the shower. A particularly key approach is the so-called imaging
atmospheric Cherenkov technique, which we briefly review in this section. An EAS illumi-
nates an area on the ground, as outlined in Section 2.1 above, with the light emanating
from different heights within the air shower displaying a slight variation in emission
angle. This light may then be reflected by telescopes with large mirror dishes onto an
imaging camera in the focal plane. Such cameras should possess fast recording capa-
bility as the typical duration of an EAS is ∼ O(10 ns) in order to distinguish the weak
transient signal from the night sky background2 flux. The reflection angle will depend
on the incident angle, which implies that light from distinct regions of an EAS will have

2The night sky background is airglow with emission lines mostly from atomic oxygen, hydroxide and
sodium in the atmosphere.
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FIGURE 2.9: Schematic depicting the operation of an IACT. The Cherenkov light pool pro-
duced in the atmosphere, originating from a primary gamma-ray, illuminates an array of
imaging telescopes on the ground. Figure from Antonelli et al. (2009).

varying reflection angles. As such, an EAS induced by gamma-ray photon will produce a
characteristic elliptical image which is recorded by the camera. In comparison, hadronic
showers will produce irregular images by virtue of the presence of sub-showers and mas-
sive secondary particles (cf. Figure 2.4). As a consequence of the relativistic nature of the
particles, the secondary particles produced move along trajectories which deviate slightly
from that of the primary particle in EM showers. The use of such images from an array of
IACTs allows the reconstruction of the direction of the shower axis from the Cherenkov
light emitted by the secondary particles.

The above technique is employed by Imaging Atmospheric Cherenkov Telescopes
(IACTs). The historical development of IACTs, including various examples, such as the
currently operating H.E.S.S. (Hofmann, 2000), MAGIC (Baixeras, 2003) and VERITAS
(Weekes et al., 2002), and the forthcoming CTA (Cherenkov Telescope Array Consortium
et al., 2019), is reviewed in Chapter 1.2.3.

2.3.2 Air Shower Particle Detector Arrays

Another class of detection methods involves the detection of the secondary particles pro-
duced in an EAS. This has led to the development of ASPD arrays, which are comple-
mentary to the IACTs, as highlighted in the following section. Such arrays are deployed
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FIGURE 2.10: Schematic illustrating the operation of an ASPD array. The cascade of sec-
ondary particles are indicated as the solid red lines within the cone. An array of Cherenkov
particle detectors on the ground detects the arrival of the particles, which allows shower
reconstruction to be performed. The cascade footprint at ground level may extend over tens
of square kilometres. Distinct colours in the schematic indicate different arrival times of
the particles, here, green denotes first arrival. Figure from Bauleo and Rodríguez Martino
(2009).

at high altitudes to maximise the collection of particles by being close to the maximum
shower depth (cf. Section 2.1). A schematic of such an array of ASPDs is illustrated in
Figure 2.10.

The Cherenkov effect occurs in any medium, which is denser than vacuum and trans-
parent to UV-optical light. This property has been exploited using water by various exper-
iments, resulting in Water Cherenkov Detectors (WCDs). Photomultiplier tubes (PMTs)
are used to detect the Cherenkov light produced by the secondary particles in water. The
shower properties are subsequently estimated from the time and charge information of
the signal recorded by the PMTs. Another method to detect the secondary particles in-
volves scintillation counters, where PMTs are used to detect the light from scintillation.

An example of a WCD currently in operation is HAWC (HAWC Collaboration et al.,
2013), which is the most relevant in the context of this thesis, and is described in depth
in Chapter 3. An upcoming WCD is the Southern Wide-Field Gamma-Ray Observatory
(SWGO, SWGO Collaboration et al., 2019), a next-generation instrument with sensitivity
to the VHE band which will provide wide-field coverage of a significant fraction of the
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southern sky. A brief historical overview pertaining to the development of ASPD arrays
is outlined in Chapter 1.2.3.

2.3.3 Complementarity of Ground-based Detection Techniques

The two broad classes of ground-based detectors, as outlined in the two previous sections,
are, nevertheless, complementary to each other in various aspects:

• VHE range - IACTs are suited for observations in the range of few tens of GeV to
tens of TeV (50 GeV - 50 TeV), whilst ASPD arrays are more effective at few TeV to
few hundreds of TeV (1 TeV - 100 TeV);

• Angular and energy resolution - IACTs have both a higher angular and energy reso-
lution than ASPD arrays, such that the former are more suitable for spectral and
morphological studies. For instance, at a median energy of 2 TeV, HAWC has an
angular (energy) resolution of 0.4° (∼ 1.4) while that of H.E.S.S. is 0.1° (< 0.15);

• Duty cycle - IACTs, being optical instruments, are limited to operating only in dark
nights (with moonlight also being a nuisance), whereas ASPD arrays have a nearly
100% duty cycle, such that they are ideal for surveying purposes;

• Field of view (FoV) - IACTs have a limited FoV but an enhanced pointing capability,
such that they are better suited for deep observations. But to observe extended
sources, the wide FoV of ASPD arrays is better suited.

In a nutshell, both classes of techniques are essential for an extensive and thorough ob-
servation of the gamma-ray sky and they have both played a key role in detecting a rich
gamma-ray source population (e.g. Di Sciascio, 2019b).
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3
High Altitude Water Cherenkov (HAWC)
Gamma-ray Observatory

The High Altitude Water Cherenkov (HAWC) gamma-ray observatory is an Air Shower
Particle Detector (ASPD), located at an altitude of 4 100 metres a.s.l., close to Pico de Oriz-
aba, Mexico, with the coordinates being 97.3°W and 19.0°N. HAWC was inaugurated in
March 2015 and the HAWC Collaboration consists of over 100 scientists from institutions
in Costa Rica, Germany, Mexico, Poland, and the United States. HAWC consists of an
array of water tanks that function as Water Cherenkov Detectors (WCD) designed to op-
erate in the gamma-ray energy range of 100 GeV to 100 TeV. HAWC comprises of a main
array of densely packed steel tanks and a sparser array of outrigger plastic tanks as shown
in Figure 3.1.

This chapter is structured as follows: Details of the WCDs, more specifically, the ra-
tionale underlying their configuration and instrumentation are described in Section 3.1.
The details of the data-acquisition system are laid out in Section 3.2. Calibration and per-
formance are described in Section 3.3. The outrigger array was fully deployed by end of
2018 and its operation integrated that of the main array by mid 2019. Hence, this thesis
involves work done using the main array only, which will be described in more details.
Nevertheless, a brief summary for the outrigger array is provided in Section 3.4 for the
sake of completeness. The significance of Monte Carlo simulations is highlighted in Sec-
tion 3.5. Finally, in Section 3.6, we present the effects of simulated showers (gamma-ray
and proton initiated) on the lateral distribution of muons detected with a HAWC-like in-
strument. The incoming particle energies, zenith angles and altitudes of the detector were
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varied one at a time, with the results presented and discussed.

FIGURE 3.1: HAWC main and outrigger array. The Electronics building for data and acqui-
sition lies at the centre of the main array.

3.1 Water Cherenkov Detectors

HAWC employs the water Cherenkov method to sample the secondary particles of EAS
originated from high-energy gamma rays and cosmic rays. An array of 300 corrugated
steel tanks, that would function as WCDs, were built on an area of approximately 22 000 m2

of pre-flattened land with a total filling factor of 60%. These tanks make up the HAWC
main array, each of which are 7.3 m in diameter and 5 m in height. As shown in the left
panel of Figure 3.2, each tank contains a light-tight bladder which holds approximately
188 kL of initially purified water. Only 294 tanks were instrumented with photomultiplier
tubes (PMTs) which are anchored at fixed positions to the bottom of the bladder.

The width of the WCD was chosen based on the depth of the water body, ensuring
that the PMT response is uniform as a function of radius out to the edge of the WCD. The
right panel of Figure 3.2 depicts a schematic of the tank dimensions. Cherenkov radiation
is relatively efficient in water due to its high refractive index. The emitted Cherenkov
light forms a light cone with an opening angle of 41°. Moreover, water is transparent to
photons over the operating range of the PMTs.

The actual height of the water body amounts to 4 m only. The tank height is suffi-
ciently large that the EM particles of an air shower attenuates in the water before reaching
the bottom of the tank. In this way, there is a direct proportionality between the total light
yield in the tank and the total EM energy in the shower. Given this 4 m of overburden
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FIGURE 3.2: The left panel (A) shows the light tight bladder which holds the water in each
WCD. The right panel (B) is a schematic of the dimensions of the WCD. The bottom consists
of 4 PMTs arranged in an equilateral triangle configuration of side length 3.2 metres.

above the PMTs, muons from hadronic showers produce an asymmetric response from
the four PMTs when their final position on the tank floor is near one of the PMTs, result-
ing in a large light yield in a single PMT far from the shower axis. This is not expected in
gamma-ray air showers where the lateral energy distribution is both highly peaked near
the shower axis and has a relatively smooth profile, as will be discussed in future sec-
tions. This provides a way of discriminating hadron-induced atmospheric showers from
gamma-induced ones using light levels detected with the PMTs in a tank relative to each
other. This approach is further discussed in Chapter 4.

Each HAWC main array tank has 4 PMTs at the bottom, facing upward as illustrated
in Figures 3.2 and 3.3. One 10′′ Hamamatsu PMT (R7081) with high (∼ 40%) quantum
efficiency lies at the centre and is referred to as PMT C while the other 3 PMTs are placed
in an equilateral triangle about the central one and are referred to as PMTs A, B and D.
They are approximately 2 m from the tank edge and 1.6 m from the central PMT. These
peripheral PMTs are 8′′ Hamamatsu PMTs (R5912) reused from the Milagro experiment
with a manufacturer-quoted peak quantum efficiency of ∼ 25%. The PMTs are sensitive
to light in the wavelength range of 300 nm to 500 nm. The PMTs have large collection
areas and are sensitive enough to detect single photons and have extremely fast response
speeds on the order of tens of nanoseconds. More details about the functioning of PMTs
are described in Appendix B.

The PMT read-out is transmitted back to a centrally located electronics building using
RG-59 coaxial cables which provide the high voltage to the PMT, and carry the signal
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(A) (B)

FIGURE 3.3: The left panel (A) shows a 10′′ Hamamatsu PMT to the left and an 8′′ Hama-
matsu PMT with cabling to the right. The right panel (B) is a schematic of a PMT demon-
strating the amplification process. This schematic was adapted from Wood (2016).

back to the data acquisition (DAQ) system.

3.2 Data Acquisition System

The main DAQ system records air shower events. The essential aspects of the DAQ pro-
cessing pipeline are elaborated in the following subsections. Figure 3.4 illustrates the
different steps involved in the DAQ system. The DAQ system receives PMT signals with
a set of analog front-end electronics boards (FEBs) and applies two signal thresholds.
The next DAQ component is a set of digital FEBs to merge low and high threshold out-
puts from the analog FEBs to a single digital waveform. This waveform is subsequently
recorded by a group of time-to-digital converters (TDCs) which transmit the results to an
on-site computing cluster for air shower reconstruction and analysis.

A set of analog FEBs attach to the coaxial cables leading to PMTs through lightning
protection spark gaps. The FEBs were recycled from the Milagro experiment and process
signal from 16 PMT channels. They amplify and apply two thresholds, a low threshold
and a high threshold, to the PMT pulse. They are also responsible for distributing HV
provided by an external HV power supply to each PMT.
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FIGURE 3.4: Overview of the DAQ system. The DAQ is composed of all the electronics that
process and analyse the signal from the PMTs.

Time Over Threshold

The analog FEBs shape and amplify the signal pulses by comparing to two reference volt-
ages: −30 mV and −50 mV. This results in two time over threshold (TOT) measurements,
the so-called low TOT and high TOT. An emitter-coupled logic (ECL) is used to generate
a pulse that begins when the signal voltage drops below the reference voltage and ends
when the signal rises above the reference voltage. In this way, the square pulse created
has a width that equals the time the original pulse was below the reference threshold
as shown in Figure 3.5. This width is referred to as the time-over-threshold (TOT) and is
typically shortened to LoTOT and HiTOT when referring to TOT from the low and high
threshold circuits, respectively. The time-stamps when the pulses cross these thresholds
are recorded by TDCs with a 100 ps time resolution, these are then used to estimate the
number of PEs. The TOTs are thus used to measure the PMT signal amplitude (charge in
PEs) and time (in ns) for data reconstruction. The amplitude corresponds approximately
to 0.25 PE and 5 PE signals prior to amplification.

Time-to-Digital Converters

Ten CAEN VX1190A TDCs, each with 128 channels, are used to record the waveforms
output by the digital FEBs. Each TDC channel records the rising and falling edges of the
digital waveforms with an absolute time precision of 100 picoseconds and a minimum
edge pair resolution of 5 ns. TDCs are kept synchronised by an external time clock.

The DAQ reads out PMT signals during a 2 µs window after a multiplicity trigger
condition is met. HAWC is implemented with a condition for recording the number of
PMT signals, which is satisfied by having at least 28 PMTs triggered in a 150 ns trigger
window with at least 90% of active PMTs in the main array. The event rate for HAWC is
thus 23.5 kHz leading to a 2 TB of raw data per day. This rate fluctuates by approximately
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FIGURE 3.5: Time-over-Threshold processing. Figure adapted from Zhou (2015).

10% over the course of each day as atmospheric pressure variations change the amount
of atmospheric overburden above HAWC.

3.3 Calibration

The aim of having a calibration system is to convert the amplitude of PMT waveforms as
saved by TOT to the corresponding number of PE from the original waveform. Moreover,
we have to correct for amplitude dependent timing offsets, referred to as slewing. Slewing
occurs when large amplitude pulses, having faster rise times, cross the low and high
threshold levels faster than smaller amplitude pulses. To do the calibration, a 532 nm
wavelength laser with a 1 ns pulse-width is used to send light through optical fibers
to a diffuser located 3 m above the central 10′′ PMT of each HAWC tank. The light level
simulates the Cherenkov light from air showers and is controlled to produce distributions
of charge as a function of TOT. The PMTs record the calibration light and transmit the
signal to DAQ as in the case of real air shower events.
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Using neutral density filters, the light level in all 1 200 PMTs can vary up to over 7
orders of magnitude, thus allowing amplitude calibration from a single PE to several
thousand PEs. Although PMTs are calibrated prior to deployment, other effects can in-
fluence measured signals. For instance, the water quality within WCDs influences the
attenuation and scattering length of emitted Cherenkov light, changing the number of
photons incident on PMT cathodes. Hence, there is a need for re-calibration and regular
monitoring.

Time calibration is done to account for the time difference arising from different optical
path lengths which occurs because of the use of different splitters and fibers and can be
measured on site.

3.4 Outriggers

The outrigger array consists of a sparse array of smaller WCDs surrounding the main
array over an area 4 times the size of the main array. There are 345 plastic water tanks,
each being 1.65 m high and 1.55 m in diameter as illustrated in Figure 3.6. Each tank is in-
strumented with a single 8′′ PMT placed at the bottom centre of the tank facing upwards.
The purpose of deploying such an array was to improve HAWC’s performance above 10
TeV. Air showers above ∼ 10 TeV have a footprint bigger than the size of the main array.
If the core of such a shower falls within the main array, it can be correctly reconstructed.
However, in the case where the core of the shower is outside the main array, it might be
spuriously reconstructed as a shower of lower energy, with a wrong core location and an
erroneous arrival direction.

The outrigger array is divided into five independent sections named A to E, each with
69 tanks, for read-out purposes as depicted in Figure 3.7. Each section has its own elec-
tronics building, called node, for DAQ purposes. Similar to the main array, RG-59 coaxial
cables were used to transmit PMT signals to the electronics building. However, in the out-
rigger case, the system is different. It has a set of pick-off modules that distribute HV and
receive the PMT signals from 69 PMT channels. Ethernet cables are then used to transmit
the signals to a set of Fast Analogue to Digital Converter (FADC) cards. The FADC cards
perform the combined functions of the analog and digital FEBs. A White Rabbit LEN is
then used to synchronise the signals to the central GPS time server. A a more in-depth
description is provided in Jardin-Blicq (2019).

A multiplicity trigger condition for data acquisition is to have at least 2 outrigger
tanks triggering above a threshold of 1 PE within a time window of 160 ns. This results
in an approximate rate of 4 500 events per second. Events that trigger the main array
and/or the outrigger array, according to their respective trigger conditions, are recorded
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FIGURE 3.6: Schematic showing dimensions of the HAWC WCDs. The zoomed inset dis-
plays the size of the tank relative to the standard human height. Image credit: A. Jardin-
Blicq.

FIGURE 3.7: Sectioning of the outrigger array for read-out purposes. Figure adapted from
Jardin-Blicq (2019).
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independently. Then, if an outrigger event is found to be between 500 ns and 1 µs of a
main array event, the corresponding data sets are merged.

3.5 Monte Carlo Simulation

To assess and improve the performance of reconstruction algorithms and to understand
the measurements made, simulation of the entire process is essential. It also allows one to
minimise the disagreement between simulated events and measurements, thereby min-
imising systematic errors. Figure 3.8 summarises the relevance of simulations in this
context. Monte Carlo simulations are carried out in two steps: The first one involves
the simulation of the air shower, while the second step relates to the simulation of the
detector response.
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FIGURE 3.8: Relevance of simulation with respect to data. Although measurements alone
can reflect a lot in a study, simulations can assist at different levels.

For air shower simulation, the software for COsmic Ray SImulations for KAscade
(CORSIKA) were utilised (Heck et al., 1998). CORSIKA simulates the interactions between
particles and tracks the development of secondary particles in EAS from different primary
particles. Gamma-ray photons and CR particle species (H, He, C, O, Ne, Mg, Si and Fe)
are simulated. The primary particles are injected from zenith angles 0° through 75° and
are simulated up to 10 m above the HAWC WCDs. A power-law spectrum (with index
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21) is employed for the simulation of photons with energy 5 GeV to 500 TeV and 5 GeV to
2 PeV hadrons.

The geometry and tracking package, GEANT4 (Agostinelli et al., 2003; Allison et al.,
2006; Allison et al., 2016) is used to simulate the passage of CORSIKA simulated particles
through HAWC WCDs. The GEANT4 library contains the simulations of particle inter-
actions in water and Cherenkov light production. Together with PMT time and charge
response, CORSIKA and GEANT4 can be used to derive the HAWC detector response as a
function of declination, which can then be used to derive an exposure model as described
in Section 5.4 of Chapter 5. In this thesis, we use the results from CORSIKA and GEANT4 to
simulate a distribution of all observable parameters, such as charge density and timings,
that would be recorded had the air shower been induced by a photon or hadron. This list
of observable parameters subsequently serves as the foundation for the reconstruction
work described in Chapter 4.

3.6 Lateral Distribution of Muons

Photons, electrons (positrons) and muons (µ− & µ+) carry the bulk of energy of an EAS to
the ground. While gamma-ray-induced showers have an eminent photon dominance, a
considerable fraction of the bulk energy is carried by muons in the case of hadron-induced
showers. The number of muons (Nmuon) is, therefore, relevant. From both parent pions
and decay process, muons gain significant transverse moment and are usually found at
large distances from the shower core, as shown in the top panels of Figure 3.9, which
leads this study of the lateral distribution of muons.

For the remainder of this section, we compare gamma-induced showers to proton-
induced showers as the CR flux is dominated by protons. Furthermore, heavier elements
interact higher in the atmosphere than protons, implying that they contribute fewer par-
ticles at ground level. Thus, the input of muons from heavier elements would only add
marginally to the lateral distributions shown.

We performed over ten thousand simulations to find the average number of muons in
gamma-ray induced and hadron-induced showers, respectively, by separately changing
the incoming zenith angles of the primary particle, its energy and the altitude of detec-
tor. The middle panels of Figure 3.9 depict the distribution of the number of muons as a
function of lateral distance (d) from the simulated shower core. The muons were counted
in concentric rings around the simulated shower core every 10 m increment in radial dis-
tance from the shower axis to a radial distance of 1 000 m. The bottom panels illustrate

1A spectrum harder than typical astrophysical spectra is used to provide sufficient statistics on high-
energy particles.
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FIGURE 3.9: The top panels display the muon spread in a quadrant of an EAS. The left and
right panels depict gamma-ray induced and proton-induced showers, respectively. As the
proton-induced shower involves far more muons than the gamma-induced shower, the
colour scale in the former case is given in log-scale to emphasise the gradient in muon
numbers across the quadrant. The middle panels indicate the number of muons in concentric
rings around the shower core as a function of lateral distance, with the bottom panels show-
ing this number of muons normalised by the area of the corresponding ring. The showers
used had an initial energy of 1 TeV, an incoming zenith angle of 0° and detection was set at
an altitude of 5 000 m.
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the muon density in the rings as a function of lateral distance. Muons hold the potential
to discriminate between gamma-induced and hadron-induced showers. The number of
muons reaching the ground as well as the lateral extent are key for an effective discrimi-
nation.

An ASPD at 5 000 m a.s.l is approximately 5.5 radiation lengths below the shower
maximum of a 1 TeV gamma-ray induced shower. This implies that few particles reach
the ground with large fluctuations in observables. The low count of muons in gamma-
induced showers result in relatively large error bars as shown in Figure 3.10 which depicts
the distribution of the cumulative number of muons per event as a function of lateral
distance from the shower core. With a random flux of muons passing through the detector
and a limited detection probability for muons, we cannot rely on the association of a
single muon for gamma/hadron discrimination. We show in Figure 3.11 the fraction of
showers (out of the 10 000) that had a cumulative muon count greater than 2, 5, 8 and 11
at any given lateral distance d.

(A) (B)

FIGURE 3.10: Distribution of the cumulative number of muons per event as a function of
lateral distance for a gamma-ray induced shower (left panel) and proton-induced shower
(right panel). The showers used had an initial energy of 1 TeV, an incoming zenith angle of
0° and detection was set at an altitude of 5 000 m.

3.6.1 Investigating the Energy, Zenith Angle and Altitude Dependen-

cies on Number of Muons

The variation in the distribution of the cumulative number of muons as a function of
lateral distance from simulated shower core for both gamma-ray-induced and proton-
induced showers is shown in Figure 3.12 for different primary energies (A & B), incoming
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FIGURE 3.11: Fraction of showers (out of the 10 000) that had a cumulative muon count
greater than N at any given lateral distance d. Showers are proton-initiated, incoming from
zenith = 0°, with energy of 1 TeV and detected at an altitude = 5 000 a.s.l.

zenith angles (C & D) and altitudes for detection (E & F). In the case of energy depen-
dence, we simulated showers with an incoming zenith angle of 0° and detection was set
at an altitude of 5 000 m while the energy of the primary particles were set to 0.05 TeV,
0.1 TeV, 0.5 TeV, 1 TeV or 5 TeV. The top panels illustrate that the higher the energy, the
larger the number of muons which is expected as the more energetic the primary particle,
the deeper it penetrates the atmosphere. For the zenith dependence, as depicted in the
middle panel, we simulated showers with an initial energy of 1 TeV and detection was set
at an altitude of 5 000 m while the incoming zenith angles were binned equally in solid
angles. Alternatively, we have in the Appendix B the same but for zenith angles binned
equally in degrees for a detection altitude of 4 100 m. Lastly, for the altitude dependence,
we simulated showers with an initial energy of 1 TeV, an incoming zenith angle of 0° and
detection was set at an altitude of 5 000 m or 4 100 m as displayed in the bottom panel.

The behaviour of the lateral distribution of muons in both the zenith angle study and
the altitude study are as expected. The higher the incoming zenith angle and/or the
lower the altitude, the thicker is the layer of atmosphere that the shower encounters. This
“longer” path implies that the muons can travel further from the shower axis or even de-
cay before reaching the ground. These two factors, zenith and altitude, may be combined
into a single one, the slant depth, the illustration of which is given in Appendix B.
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(A) (B)

(C) (D)

(E) (F)

FIGURE 3.12: The variation in the distribution of the cumulative number of muons as a func-
tion of lateral distance from simulated shower core for both gamma-ray-induced showers
(left panel) and proton-induced showers (right panel). The top panels are showers with an in-
coming zenith angle of 0° and detection was set at an altitude of 5 000 m while the energy of
the primary particles are 0.05 TeV, 0.1 TeV, 0.5 TeV, 1 TeV or 5 TeV. The middle panels depict
showers with an initial energy of 1 TeV and detection was set at an altitude of 5 000 m while
the incoming zenith angles were binned equally in solid angles. The bottom panels illustrate
showers with initial energy of 1 TeV, an incoming zenith angle of 0° and detection was set
at an altitude of 5 000 m or 4 100 m.
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3.6.2 Muons as Discriminator between Gamma-ray-induced Showers

and Proton-induced Showers

As depicted in Figure 3.11, N = 2 has the highest shower fraction at all radial distances.
We compare in Figure 3.13, the lateral distributions of the fraction of showers for which
the muon count exceeds 2, i.e. Nmuon > 2, for different primary energies, incoming
zenith angles, altitudes for detection and types of particle using the same set of show-
ers as above. According to our simulations, Figure 3.13 (D) illustrates that a muon count
as low as 2, in principle, is already very effective in discriminating gamma-ray-induced
vertical showers from proton-induced vertical showers at 1 TeV and an altitude of 5 000
m a.s.l.

The rationale behind testing an altitude of 5 km is to be as close to the shower max-
imum as possible, while it is particularly problematic to find a suitable site for ground-
based detection above that altitude. From the above studies, having an unambiguous
muon identification is crucial to effectively discriminate between gamma-ray induced
and proton-induced showers and should be considered in designing future HAWC-like
observatories.

3.7 Summary

We detailed the instrumental set-up of HAWC and discussed the various aspects involv-
ing photomultiplier tubes and the data-acquisition system, with a description of their
calibration and performance. The impact of primary energy, zenith angle and detection
altitude on simulated air showers for a HAWC-like instrument was demonstrated for
both gamma-ray initiated and proton initiated showers. Finally, we showed that a muon
count as low as 2 can be very effective in discriminating between gamma-ray-induced
and proton-induced vertical showers.



64 Chapter 3. HAWC Gamma-ray Observatory

(A) (B)

(C) (D)

FIGURE 3.13: Distribution of shower fraction where muon number is larger than two, i.e.
Nmuon > 2, for different energies (A), incoming zenith angles (B), altitudes (C) and incoming
particle types (D). A muon count as low as 2 is very effective in discriminating gamma-ray-
induced vertical showers from proton-induced vertical showers at 1 TeV and an altitude of
5 000 m a.s.l.
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4
Air Shower Reconstruction &
Gamma/Hadron Discrimination in
HAWC

In this chapter, we first describe the reconstruction process in HAWC and then discuss the
technique that has been developed to differentiate between gamma-ray induced show-
ers and cosmic-ray induced showers, i.e. gamma/hadron separation, which will be em-
ployed in future HAWC analyses. Throughout this chapter, we also mention the algo-
rithms that have been recently developed and are still being processed to be included in
the next PASS (PASS 5) of HAWC data. PASS 5 is basically a reconstruction of all the data
acquired to date using enhanced software to better interpret the observations.

4.1 Reconstruction of Air Showers in HAWC

An air shower event record consists of a number of measurable quantities, for instance,
the photomultiplier tubes (PMTs) triggered in a predefined time window, the charge de-
posited at each PMT, the time at which the PMTs triggered, amongst others, as introduced
in Chapter 3. Reconstruction of an event encompasses a set of tasks to estimate air shower
parameters like the core location, the incoming direction, the energy and the primary par-
ticle causing the shower. Being a survey instrument that operates practically 24 × 7, the
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data influx in HAWC is huge. To efficiently deal with this amount of data, HAWC em-
ploys two modes of reconstruction: (i) online reconstruction which happens on-site ba-
sically for identification of transient events, and (ii) offline reconstruction. In both cases,
dedicated algorithms are collected in a framework called AERIE (Analysis and Event Re-
construction Integrated Environment), to process real and simulated events. AERIE also
contains advanced functionalities, such as map-making, which are outlined in Chapter 5.

4.1.1 Core Reconstruction

The location of the shower core is an important parameter that enables direction and
energy reconstruction, as well as gamma/hadron separation. As introduced in Chapter 2,
closer to a shower core implies a higher particle density, such that PMTs read out higher
light signals. The shower core is therefore the maximum point in a distribution of charge
versus distance from a reference point in the detector array, as illustrated in Figure 4.1.
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FIGURE 4.1: Distribution of charge in triggered HAWC PMTs for an event reconstructed
from the Crab nebula. The red line comes from direction reconstruction and is discussed in
the following section. The dotted black circle is a demarcation of 40 m1lateral distance from
the reconstructed core. The red circle denotes a tank/tanks that received the highest charge
deposition beyond a radius of 40 m from the reconstructed core. Lastly, the red star is the
location of the reconstructed core.

1Motivation for 40 m is detailed in Section 4.1.3.
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Super Fast Core Fit

Currently, HAWC employs the Super Fast Core Fit (SFCF) algorithm which minimises
the χ2 distribution of charges for the main array (HAWC Collaboration et al., 2017c). It
requires an initial guess for the core location, x⃗COM, which is the centre of mass (COM) of
charges from the various triggered PMTs (N):

x⃗COM =
1
Q

N

∑
i=0

x⃗iqi , (4.1)

where qi is the charge from a triggered PMT, Q = ∑N
i=0 qi, and x⃗i is the location of the

triggered PMT. SFCF uses a functional form that was optimised to fit the lateral spread of
particles further away from the COM core. For smaller radial distances, a Gaussian fit is
preferentially used to avoid the asymptotic behaviour of NKG functions and optimise the
computation time. Using several iterations, a converging solution for the location of the
core and a fit for the lateral spread of particles from that reconstructed core are obtained
as shown in Figure 4.2.

  

FIGURE 4.2: Comparison of distributions of charges from various triggered PMTs for core
localisation. In blue and black, NKG and NKG/R distributions, respectively, both with
shower age, s = 1.5. In red, a Gaussian distribution with σ = 10 and in green, the SFCF
hybrid curve. Plot taken from Hampel-Arias (2017).
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LH Method

A novel method to localise the shower core is to use MC template-based reconstruc-
tion, with a likelihood (LH) approach. The lateral amplitude distribution of an observed
shower is fitted to an expected probability distribution template. MC simulations of air
showers and the detector simulations are used to generate the respective probability dis-
tributions. This method has been developed to incorporate the reconstruction of the out-
rigger array to the main array and also to improve the reconstruction of archival data. A
more in-depth description is provided in Joshi (2019).

4.1.2 Direction Reconstruction

As a shower propagates through the atmosphere, the air shower particles can be assumed
to travel on a plane, defined by the speed of light and direction of the primary particle,
called the shower front. The time of trigger for each PMT within a predefined time win-
dow can thus be used in the reconstruction of the incoming direction of a primary particle
causing the shower. Figure 4.3 (A) displays the trigger time of PMTs in the HAWC main
array for an event reconstructed to be from the Crab nebula region. From the gradient, it
can be deduced that the shower front reached the array from the left hand side.
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FIGURE 4.3: The left panel (A) shows the time gradient for triggered PMTs for an event
reconstructed to be from the Crab nebula region. The red line indicates the direction from
which the shower front came and its length is a measure of the projected zenith angle, θ. The
right panel (B) is a schematic of the incoming zenith angle and shower front of the particle
causing the shower from (A). (B) also shows the increase in the thickness of the shower front
at the edges. The other annotations are the same as in Figure 4.1.
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Since the incoming particle is at a large but finite distance, the secondary particle tra-
jectories are not parallel, making the shower front slightly curved. During the shower de-
velopment, however, some particles are deflected at large angles, resulting in larger path
lengths, and therefore arrive at the observational level several nanoseconds later. More-
over, since the number of particles decreases with increasing distance from the shower
core, there are fewer PMTs that trigger away from the core. This decrease in sampling in
particle arrival time leads to a delay in the measured arrival time of the shower. Thus,
particles at the shower edge cause more fluctuations in time measurements than those
travelling along the trajectory of the original primary particle (Stanev, 2010). As a result,
the thickness of the shower front is not constant, it is relatively thin in time close to the
shower core and considerably thicker further away as shown in Figure 4.3 (B). With an
iterative core reconstruction procedure, the incoming zenith angle, θ, is also iteratively
reconstructed. During each iteration, each PMT is given a weight depending on its mea-
sured charge and a fit is applied using χ2 minimisation to extract the incoming direction
of the primary particle.

Point Spread Function

The point spread function (PSF) describes the instrument response to a point source. In
other words, it characterises the accuracy of the reconstructed arrival direction (HAWC
Collaboration et al., 2017c). In HAWC, it is approximated by a linear combination of two
normalised 2D Gaussian functions, of type Gi =

1
2πσ2

i
exp

(
− ψ2

2σ2
i

)
, through:

PSF(ψ) = αG1(ψ) + (1 − α)G2(ψ) . (4.2)

In equation (4.2), α is a weight assigned to the 2D function. This PSF varies with ψ,
defined as the angle difference between the simulated and reconstructed directions of the
incoming particle. Conventionally, angular resolution is taken as the 68% containment
radius of the fitted PSF. The HAWC PSF was measured using the Crab nebula in HAWC
Collaboration et al. (2017c) and was found to increase from 0.17° at higher nHit bins to
1.03° at lower ones. The PSF intrinsically depends on declination of the source. This is
due to the fact that a shower encounters a different thickness of atmosphere based on the
arrival direction of the primary particle. Therefore, the measured PSF at the position of
the Crab nebula cannot be extrapolated to other declinations. However, the simulation
can be used to predict the shape of the PSF at any declination.
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4.1.3 Energy Reconstruction

The size of air shower events are classified in analysis bins, called nHit bins (B), depend-
ing on the fraction of the PMTs triggered in the main array. The nHit binning scheme is
shown in Table 4.1. Typically, an incoming particle with higher energy will trigger more
PMTs than one with lower energy. However, the nHit bins are weakly correlated with en-
ergy and is more about event and reconstruction quality. In B = 9, for instance, all PMT
triggers and an nHit bin-based energy proxy saturates. This means that it is impossi-
ble to distinguish 30 TeV events from 100 TeV events in bin B = 9 (which contains events
above approximately 30 TeV). The nHit bins are known to have overlapping true energies
as illustrated in Figure 4.4 (Figure 3 from HAWC Collaboration et al., 2017c)). Recently,
two new energy estimators have been developed for HAWC (HAWC Collaboration et al.,
2019), which are outlined below for sake of completeness.

TABLE 4.1: Table detailing the percentage of PMTs triggered in the main array for each nHit
bin.

nHit bin (B) Percentage of main array PMTs triggered (%)

0 4.4 - 6.7

1 6.7 - 10.5

2 10.5 - 16.2

3 16.2 - 24.7

4 24.7 - 35.6

5 35.6 - 48.5

6 48.5 - 61.8

7 61.8 - 74.0

8 74.0 - 84.0

9 84.0 - 101.02

Ground Parameter

For showers of the similar energy, the fluctuations are minimal. This was used as a crite-
rion for finding the lateral distance from the reconstructed shower core at which the un-
certainty in the shower energy density is lowest. To determine this optimal distance, the
lateral distribution of charge is fit to a modified version of the NKG function for several
shower ages as shown in Figure 4.5 (Figure 2 in HAWC Collaboration et al., 2019)). The

2Multiple hits are possible per PMT.
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FIGURE 4.4: Normalised true energy distribution of photons summed across a transit of a
source at a declination of 20° N and with spectral form of type E−2.63 for B: 1 - 9. Figure
taken from HAWC Collaboration et al. (2017c).

optimal distance for HAWC was found to be 40 m from the shower core, independent
of the incoming particle energy or zenith. Hence, the Ground Parameter (GP) method
employs the charge density at that fixed distance to yield an energy proxy:

log10 Ê = m(θ)ζ40 + c(θ) . (4.3)

In equation (4.3), m(θ) and c(θ) are chosen empirically and are linear and quadratic
piecewise functions, respectively (HAWC Collaboration et al., 2019). ζ40 is the PMT signal
evaluated using a lateral distribution function (LDF) provided in equation (1) of HAWC
Collaboration et al. (2019), therein referred to as sig40. The GP method enhances the en-
ergy resolution of the HAWC gamma-ray observatory, enabling measurement of gamma-
ray energies beyond 100 TeV (HAWC Collaboration et al., 2020).

Neural Network

A Neural Network (NN) is a complicated function mapping several quantities associ-
ated with an event (input variable) to some regression target (output variable), in this
case log10 Ê. This function is characterised by many free parameters called weights, the
optimal values of which are determined during data training (Marinelli, 2016) for min-
imisation of an error function (HAWC Collaboration et al., 2019). Input variables that
capture characteristics of a shower are:
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FIGURE 4.5: NKG fit (red) for the lateral distribution of charge (black) for a single event.
The circle at 40 m portrays the location where the charge is measured for the GP method.
The blue histogram is the fraction of charge, from several concentric rings, that is used as
input for the NN method.

1. containment of the shower within the detector — percentage of triggered PMTs,

2. energy deposited in the detector — amplitude measurements and the lateral dis-
tribution of charge in concentric annuli from the shower core. This is shown as a
histogram in Figure 4.5, and

3. atmospheric attenuation of the shower — obtained from the zenith angle.

The NN method enhances the energy resolution of the HAWC gamma-ray observatory
likewise to the GP method (HAWC Collaboration et al., 2019).

4.1.4 Gamma/Hadron Separators

As outlined in Chapter 1, cosmic rays are the main background in the observation of
gamma-rays. In order to reduce the influence of background for a study about any astro-
physical source, we need to effectively discriminate between gamma-induced showers
and hadron-induced showers. Two gamma/hadron separators currently used in HAWC
are outlined below.

COMPACT

As described in Chapter 2, gamma-ray induced atmospheric showers have smooth lateral
shower profiles, as they are almost purely EM, while hadronic showers generate, in gen-
eral, larger signals further from the shower core by virtue of pion decay which provides
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FIGURE 4.6: Fraction of gamma-rays and background hadron events passing gam-
ma/hadron discrimination cuts as a function of the event size. Figure taken from HAWC
Collaboration et al. (2017c).

greater transverse momentum to particles produced in the course of the shower. The
COMPACT method of gamma/hadron separation exploits this difference by first getting
the total number of triggered PMT in the shower in a 20 ns time window (nHitSP20),
then identifying the largest PMT signal (in units of photoelectrons (PE)) beyond a radius
of 40 m from the shower core (CxPE40). The gamma/hadron separator, C, is the ratio of
these two variables as given below (HAWC Collaboration et al., 2017c):

C =
nHitSP20
CxPE40

. (4.4)

COMPACT works well up to the point where gamma-ray induced shower sizes get close
to 40 m in radius (Baughman, 2011). Beyond that point, the C-separator increasingly
rejects gamma-ray induced showers. An enhancement in the rejection power of the dis-
criminator is obtained by applying an optimised C cut for the range of nHit values within
B. LiComp, log(C−1), is often used instead of COMPACT as the latter has a long positive
tail and the former is better for ease of handling.
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PINC

Another discriminator for gamma/hadron separation in HAWC is called PINC, P , and
it quantifies how clustered the triggered PMTs are. The Parameter for Identifying Nu-
clear Cosmic-rays (PINC) method is basically a χ2-distribution of PEs over lateral dis-
tance from the core. It can be summarised by the equation below as elaborated in HAWC
Collaboration et al. (2017c):

P =
1
N

N

∑
i=0

(ζi− < ζi >)2

σ2
ζi

. (4.5)

In equation (4.5), σ2
ζi

represents standard deviation of the charge distribution from a sam-
ple of gamma-like events from the Crab nebula region, ζi is log10 qi, and < ζi > is the
expectation value for triggered PMTs lying within an annulus of width 5 m from the
shower core. This method is also sensitive to the spread of highly penetrating particles
like muons to quantify the lateral spread as shown in Section 3.6, thereby making P a
powerful gamma/hadron discriminator. Currently used cut values for C and P are given
in Appendix C and Figure 4.6 depicts the predicted efficiency for gamma-rays and the
measured efficiency for hadronic background under the aforementioned cuts (Figure 10
in HAWC Collaboration et al., 2017c).

4.2 Tank-Light-Distribution as Gamma/Hadron Discrimi-

nator

C and P discriminate better at higher nHit bins than lower ones. They are also depen-
dent on a correct core reconstruction which, as discussed in Section 3.4, does not always
happen. This motivates the need for another gamma/hadron separator that works inde-
pendently of reconstruction and improves the background rejection at lower nHit bins.
The light distribution in a tank for events triggered by gamma primaries and proton pri-
maries are different, for instance, due to the presence of muons in hadronic showers, and
this can be used to differentiate between them. In this method, we collect all differences
from different tanks for an event and parameterise them. We then calculate a likelihood
ratio, Rd/γ, which tests the hypothesis of an event to be gamma-like or background-like.
We generate a gamma template (γ) using simulations and a background template is mod-
elled using measurements from the detector (d) as it is the most accurate way of deriving a
correct background. We further compare these measurements to simulation-based proton
templates. To obtain Rd/γ, we must, in a first step, define the probability density distribu-
tions for all particles triggering the PMTs while accounting for the combination of 8” and
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10” PMTs per tank. Then, in a second step, we will use these expected probability density
distributions to compute the likelihood ratio, Rd/γ. Finally, we optimise the likelihood
ratio to get an efficient gamma/hadron discriminator for different shower size ranges.

4.2.1 Deriving Probability Density Distributions

We hereby define the following symbols for the respective quantities: the charge (in units
of PEs) on a PMT i, is QPMTi where i is the PMT type, i.e. A, B, C or D. The total charge in
a tank is QTankj = ∑i QPMTi , where Tankj is a specific tank number in the main array, i.e.
1 ≤ j ≤ 300. The fractional charge of PMT i in tank j is QPMTi /QTankj . This is calculated
for billions of showers (both simulated and observed) using AERIE. Using the statistics,
a normalised 2-dimensional histogram is constructed as shown in Figure 4.7, with the x-
axis depicting the total charge of tanks in log-scale (log10 QTankj) and the y-axis indicating
the fractional charge (QPMTi /QTankj) on any given PMT for the whole array. The z-axis

then represents the required probability density distribution, with Pp

(
QTankj ,

QPMTi
QTankj

)
for

proton-induced simulated showers, Pγ

(
QTankj ,

QPMTi
QTankj

)
likewise for photon-induced sim-

ulated showers, and Pd

(
QTankj ,

QPMTi
QTankj

)
for measured events3 used for calibrating the

method.

The gamma and proton simulations used in this study are the most recent, nominal
files developed for HAWC using (i) CORSIKA (Heck et al., 1998) to simulate incoming
particles and associated air showers and (ii) GEANT4 (Agostinelli et al., 2003; Allison
et al., 2006; Allison et al., 2016) to simulate the detector and its response to air showers.
These were made at different energies, using different zenith and azimuth angles. In the
case of simulations, noise was added to make a fair comparison to data. The added noise
was derived from the HAWC data itself by extracting continuous, raw, and untriggered
data in a time window of 1 500 ns from the data files and overlaying it to the simulations.
The response of 1 200 PMTs over the HAWC main array were classified in 12 shower bins
as there is a dependence of the light distributions with shower size. The shower bins are
defined by percentage of the main array tanks triggered as detailed in Table 4.2, consistent
with the concept of using shower size to define analysis bins as was done in PINC and
COMPACT methods. This approach depends on the comparison of known gamma events
to known hadron events to predict how gamma-like an observed event is. Proton-induced
air shower simulations are not exactly known and different hadronic interaction models
(SIBYLL, EPOS-LHC, FLUKA, amongst others) yield slightly different solutions (Parsons and
Schoorlemmer, 2019). Additionally, since the HAWC data is background dominated, we

3The observed data set in use for this study is April 2016.
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FIGURE 4.7: Probability density distribution of showers from simulated gammas (top), mea-
sured events (middle), and simulated protons (bottom) as seen by PMT A (left) and PMT C
(right) for shower bin 5. An arm/fin-like structure is observed for measured events and
proton-simulated showers which is a characteristic feature of the muonic component of
hadronic showers. Significant differences from fractional charges of one and zero are also
seen.
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can use the probability density distribution of measured events (Pd) instead of simulation
of showers induced by protons (Pp) and heavier atoms.

Figure 4.7 depicts the probability density distributions for PMTs A and C (8” and
10”, respectively) for photon (gamma) simulation (top panel), measured events (middle
panel) and proton simulation (bottom panel) for shower bin 5. The probability density
distributions for PMTs B and D are similar to that of PMT A as shown in Figure C.7 in Ap-
pendix C. From these distributions, we observe similar features in the measured events
and the simulated proton events which are not seen in the simulated gamma events, for
instance an arm/fin-like structure. The 1D distribution for the fractional charge on PMTs
A and C are shown in the top panel of Figure 4.8 to accentuate this arm-like structure. For
gamma-ray induced showers, the light distribution is rather equally distributed among
the PMTs. However, for proton-induced showers, the presence of a considerable num-
ber of muons, that produce more light in one of the PMTs, yields features like the arm.
The bottom panel of Figure 4.8 displays the differences in light distribution for the same
set of proton simulated showers recorded through PMT C for muonic and non-muonic
components.

The probability density distribution is a function of PMT type because the fraction
of light received by a PMT depends on the surface/collection area of the PMT. PMT C
has a larger diameter such that it collects more light which results in different probability
density distributions. The location of the PMT also affects the fraction of light it receives,
for instance, PMT C is at the centre of the tank while PMTs A, B and D are peripherally
situated as depicted in Figure 4.9. While in most of the cases (label 2 on Figure 4.9), the
PMTs observe fractions of the same light pool, the arm/fin-like structure results from
cases where one of the PMTs sees most of the Cherenkov emission (labels 1 and 3 on
Figure 4.9). Gross differences in distribution of charges for PMTs A compared to C for
photon, proton and observed showers are illustrated in Figure C.8 in Appendix C. Fig-
ure 4.10 is an illustration of the probability density distribution as a function of event
size for PMT C. The probability density distributions, for all shower bins, for PMTs A
and C, for gamma and proton simulations as well as measured events, are provided in
Appendix C (cf. Figures C.1 to C.6).

While there is a difference in the general distribution as elaborated above, there is also
a difference in the distribution of the zeros and ones of the fractional charge, i.e. in cases
where the PMT received none or all of the light, respectively. This is illustrated further in
Figure 4.11 for PMTs A and C for shower bin 5. Data in HAWC are recorded only if the
signals obtained are above a certain trigger threshold, as discussed in Chapter 3. To effec-
tively compare the MC simulations with data, we implement a PE cut on the total charge
of a tank, i.e. a minimum number of PEs above which the likelihoods are calculated. This



78 Chapter 4. Air Shower Reconstruction & Gamma/Hadron Discrimination in HAWC

jTank/Q
APMTQ

0 0.2 0.4 0.6 0.8 1

# 
E

nt
rie

s

6−10

5−10

4−10
 = 2.5

j
Tank

Q
10

Log

Proton

Gamma

Data

(A)

jTank/Q
CPMTQ

0 0.2 0.4 0.6 0.8 1

# 
E

nt
rie

s
6−10

5−10

4−10  = 2.5
j

Tank
Q

10
Log

Proton

Gamma

Data

(B)

jTankQ
10

Log
1− 0 1 2 3 4 5

j
T

an
k

/Q
C

P
M

T
Q

0

0.2

0.4

0.6

0.8

1

0

0.0002

0.0004

0.0006

0.0008

0.001

(C)

jTankQ
10

Log
1− 0 1 2 3 4 5

j
T

an
k

/Q
C

P
M

T
Q

0

0.2

0.4

0.6

0.8

1

0

0.0002

0.0004

0.0006

0.0008

0.001

(D)

FIGURE 4.8: The top panels illustrate the probability density distribution at different frac-
tional charges of PMT C (right) and PMT A (left) at a fixed (log) total tank charge of 2.5.
#Entries on the y-axis is the sampling from the probability density for the chosen total
tank charge. The bottom panels display the differences in simulated light distributions us-
ing proton showers for muonic component (left) and non-muonic component (right) both
seen through PMT C.
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FIGURE 4.9: Figure depicting vertical muons in HAWC tanks. For illustration purposes, the
Cherenkov emission was drawn only for the bottom part of the muon paths. Based on the
location of the PMTs in the tank and the entry point of the vertical muons, the light signals
seen by the PMTs are different and result in the different constituents of the probability
density distribution shown.

FIGURE 4.10: Probability density distributions of different event sizes. Vertically, the left,
middle and right panels correspond to shower bins 2, 7 and 11, respectively. Horizontally,
the top, middle and bottom panels are for gamma-simulated events, actual measurements and
proton-simulated events, respectively.
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is necessary because, as seen in Figure 4.11, there are cases where our MC simulations do
not describe the observed data correctly. For instance, in the case of no light (top panels)
or total light (bottom panels) in the PMT of interest, the distributions generated from sim-
ulated gamma-ray induced showers, simulated proton-induced showers and measured
events look consistent above a PE of 1, i.e. log10 QTankj = 0. In the case where all the light
registered by a tank came from a single PMT (middle panels of Figure 4.11), there are
significant discrepancies: For PMT C (right panel), for log10 QTankj ≳ 2.0, proton-induced
simulated showers are no longer reliable. For PMT A (left panel), the simulated proton-
induced and observed showers are consistent with each other up to log10 QTankj ∼ 1.2
from where the measured events follow the simulated gamma-ray events. This implies
that this method for gamma/hadron discrimination will not work in these regimes. These
discrepancies also limit the PE cuts that can be applied to optimise the method.

Although we understand the charge distributions of individual PMTs, its relationship
with other PMTs is more complex. While this approach for gamma/hadron separation
depends on appropriate description of measurements by MC simulation, it has the ad-
vantage that it shows any discrepancy between simulations and measured data, which
means that it can be used to improve the fidelity of the simulations to emulate actual
observations. For the likelihood calculations, we do not consider cases that are not well
described by MC. Further diagnostic plots regarding the charge recorded in a specific
tank and participation fraction of tanks in an event are shown in Figures C.9 and C.10,
respectively, in Appendix C.

An optimal analysis would involve combinations of the probability density distribu-
tion from the different PMT types as a function of the number and type of functioning
PMTs in a tank. The best measurements are obtained when 4 PMTs contribute to describe
the light distribution. However, this is not always the case as sometimes there are only 3,
2 or 1 working PMT(s). We ignore these cases in our computations and this work can be
expanded non-trivially by considering the different permutations of working PMTs. This
approach to calculate a likelihood ratio for a shower to be gamma-like, therefore, discards
input from tanks that have one or more ‘bad’4 PMT. This simple approach is statistically
sound as a randomly selected event still consists of a decent number of tanks contributing
to the probability density distribution as shown by Figure 4.12.

4.2.2 Deriving Likelihood Ratio

For any shower, we test the hypothesis for it to be a gamma-like event or not, obtained
from the probability density functions Pγ and Pd in a tank-wise integration method as

4‘Bad’ here is a term used for PMTs that are either broken or have been flagged as having unusually
high/low event rates or unavailable.
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FIGURE 4.11: Comparison of the charges seen in PMT A (left) and PMT C (right) for shower
bin 5. The top and middle panels are for when the PMT of interest received none or all of
the light that was registered by the tank, respectively. The bottom panel displays the total
charges by the respective PMTs. #Entries on the y-axis is the sampling from the probability
density for the respective PMT.
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FIGURE 4.12: Number of tanks (black filled circles) in a randomly chosen gamma simulation
event contributing to the derivation of the probability density distribution for PMT C for
shower bin 5.

detailed by equations (4.6) and (4.7), respectively:

Lγ = ∑
j

∑
i

log10 Pγ

(
QTankj ,

QPMTi

QTankj

)
, (4.6)

Ld = ∑
j

∑
i

log10 Pd

(
QTankj ,

QPMTi

QTankj

)
, (4.7)

where Lγ and Ld are the log-likelihoods of simulated gamma-ray induced and measured
showers. We then calculate the ratio of the two likelihoods (Rd/γ or TankLHR) which
translates as a difference of the log-likelihoods (Ld − Lγ). The more negative the value of
Rd/γ, the more likely that the event is gamma-like as illustrated in Figure 4.13.5 From the
figure, it is seen that the method quantifies events as gamma-like when they are indeed
gamma-ray simulated events and in the majority of cases classifies hadron-like events as
not-gamma-like, as expected. Fundamentally, Figure 4.13 shows that the Rd/γ value of an
event can give an indication of the nature of the primary particle that caused the shower.
Hence, for a given shower bin, a value of TankLHR can be defined such that showers
with an Rd/γ value lower than this threshold are classified as gamma events, whilst those
above would correspond to hadron events. Figure 4.13 has entries from shower bins 8 -
11 as only big showers (nHits) were selected from the Crab nebula region.

5This figure displays the Rd/γ distribution evaluated at a PE cut of 50, similar figures but with different
PE cuts can be found in Figure C.11 in Appendix C.
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FIGURE 4.13: Normalised Rd/γ distribution for simulated gammas in red, simulated pro-
tons in blue, data in green, and data specifically from the Crab nebula region in black dot-
dashed lines. The more negative the distribution, the more gamma-like the events as seen
in the case of pre-selected events from the Crab nebula.

From Figure 4.13, it is clear that there are still discrepancies present between mea-
surements and MC simulations as the peak for measurements (green, labelled Data) does
not align with that of MC proton simulations (blue, labelled Proton). This, however, only
causes a shift in the selected value of TankLHR (cut on Rd/γ). Moreover, Figure 4.13 also
shows that in the Rd/γ parameter space, the gamma-like events are not completely sep-
arable from the hadron-like events and, therefore, need further tuning for it to provide
optimal results as elaborated in the following Section 4.2.3. Lastly, given the definition of
Rd/γ as the difference between the logarithm of the likelihood values, Rd/γ = Ld − Lγ,
the tails of the the respective distributions keep growing, with the display on Figure 4.13
truncated to illustrate the most significant parts of the Rd/γ distribution.

4.2.3 Optimisation of TankLHR

Figure 4.14 illustrates the distribution of Rd/γ for measurements and for gamma simu-
lated events for two event sizes: shower bins 3 and 8. As seen in Figure 4.14, the tails of
the gamma and hadron likelihood ratio distributions overlap. Because the overlap of the
distributions is less for large event sizes, the discrimination power of the method gets bet-
ter. It is, therefore, relevant to find a value of Rd/γ for each shower bin that is gamma-ray
efficient. The signal-to-noise ratio scales as the ratio of efficiencies of the gamma shower
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FIGURE 4.14: Normalised distributions of the likelihood ratio for shower bins 3 (left) and 8
(right). The bottom panel displays their corresponding cumulative forms.

accepted (ϵγ) to the square root of that of measured events (ϵd), for any chosen value of
Rd/γ, as given by the following equation:

S
N

∼ Sig√
Bkg

∼ ϵγ√
ϵd

. (4.8)

We can extract an efficiency plot (distribution of signal-to-noise ratio) which shows the
percentage of gammas accepted and protons rejected as a function of the cut we perform
on the likelihood ratio as shown in Figure 4.15.6 The trend obtained matches our expec-
tations as a small cut would imply that we are discarding too many gamma events and a
large cut would correspond to excessive contributions from hadrons. Hence, the signal-
to-noise ratio pinpoints an optimal cut on the likelihood ratio that can be implemented
for an efficient discrimination between gamma-like events and hadron-like events.

As mentioned earlier, the PE cut affects the optimal value of Rd/γ. We investigated
different PE cuts of 0.1, 1, 5, 10, 20 and 50, i.e. calculating the likelihoods from the proba-
bility density distributions only if the total charge of the tank is equal to or above 0.1, 1, 5,
10, 20 and 50 PE in each case. Judging from QTankj and Figure 4.11, PE cuts of less than 1
and more than 100 are unreasonable choices: too low, for instance 0.1, is considered ran-
dom hits and is also including a regime not correctly described by MC simulations, and

6Distribution of signal-to-noise was evaluated for ϵγ > 50%.
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FIGURE 4.15: Distribution of the signal-to-noise ratio as a function of the likelihood ratio
for different PE cuts implemented for shower bins 3 (left) and 8 (right).

too high implies discarding valuable information and reducing statistics. A PE cut of 0.1,
for instance, in Figure 4.15, was evaluated to illustrate a comparison of the extent of the
impact of applied PE cuts. Figure 4.16 illustrates the difference in the distribution of Rd/γ

for a PE cut of 1 and 50 for shower bins 3 and 8 for gamma-simulated events. The PE cuts
with the highest signal-to-noise ratio for each shower bin are summarised in Table 4.2.
The associated optimal Rd/γ is also given, with harder cuts on bigger event sizes.

The Rd/γ cuts were further tuned by optimising the significance of the Crab nebula
region events. Since the discriminators currently in use in HAWC and TankLHR were
found to have some underlying interdependency, as shown in Figure 4.17, the comple-
mentarity of TankLHR to PINC and COMPACT distributions were also assessed at a PE
cut of 10, such that we revert to the conventional 10 nHit binning scheme. Events for
a whole year (2016) of recorded HAWC data were reconstructed. Using a 2° box selec-
tion cut on reconstructed right ascension and declination, an ‘on’ region was defined to
contain the Crab nebula. Similarly, six-non overlapping boxes with the same declination
range but different right ascension ranges were defined. These were averaged to get an
‘off’ region.

The signal level (Excess/
√

OFFCRAB) was computed as a function of TankLHR, PINC
and LiComp, as illustrated in Figures C.12, C.13 and C.14, respectively, in Appendix C.
Tuned Rd/γ, P and log(C−1) cuts were extracted for odd-numbered event entries and as-
sessed using even-numbered event entries for the ‘on’ region as shown in Figures C.15,
C.16 and C.17 in Appendix C. The excess and TS (Test Statistic) functions for every pair
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TABLE 4.2: Table detailing the percentage of tanks with triggered PMT(s) in the main array
for each shower bin. The highest signal-to-noise ratio, the associated PE cut value and the
optimal cut on Rd/γ are also given.

Shower bin Percentage of highest optimal ϵγ [%] PE cut

main array tanks ϵγ√
ϵd

Rd/γ

triggered [%]

0 0.0 - 8.4 1.91 −4.5 51.8 1

1 8.4 - 16.7 2.97 −8.5 50.2 1

2 16.7 - 25.0 3.48 −10.5 52.0 1

3 25.0 - 33.4 4.03 −13.5 50.1 1

4 33.4 - 41.7 4.61 −16.5 50.8 1

5 41.7 - 50.0 5.86 −21.5 50.2 1

6 50.0 - 58.4 7.73 −27.5 50.4 1

7 58.4 - 66.7 11.08 −34.5 51.5 1

8 66.7 - 75.0 16.77 −44.5 51.4 1

9 75.0 - 83.4 28.44 −59.5 50.3 1

10 83.4 - 91.7 27.51 −56.5 72.5 10

11 91.7 - 100.0 172.61 −81.5 52.3 50

of discriminator are illustrated in Figures C.18 to C.23 in Appendix C. Using these func-
tions, a combined set of cuts that results in the most significant signal was found and
is summarised in Table 4.3. In that case, Figures 4.18 and 4.19 show the events passing
separately the TankLHR, PINC and LiComp selection cuts.

4.3 Summary

A new method for gamma/hadron discrimination was described that is based on the light
distribution in WCDs to define likelihood functions for showers to be gamma-induced or
not. We made comparisons between measurements and MC simulations and optimised
our results. While this approach does not have the best discrimination power, it separates
gamma-induced showers from hadron-induced showers independent of core reconstruc-
tion. The TankLHR discriminator works complementary to the existing gamma/hadron
separators and the efficiencies for different shower sizes were provided. As shown by
Figure 4.11, while there is global agreement between our current MC simulations and
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FIGURE 4.16: Normalised distributions of the likelihood ratio for gamma-simulated show-
ers in shower bins 3 (left) and 8 (right) for implemented PE cuts of 1 and 50. The bottom panel
displays the corresponding cumulative forms.

TABLE 4.3: Table detailing the optimal combined cuts on LiComp, PINC and TankLHR for
the highest TS of the Crab nebula.

B Highest TS
Discriminator

LiComp PINC TankLHR

0 26.8 −4.36 2.36 −4.32

1 68.5 −1.40 2.36 3.06

2 255.5 −2.44 2.17 15.36

3 605.2 −2.68 2.08 12.90

4 563.4 −2.76 2.03 17.00

5 639.4 −2.84 1.90 17.00

6 426.8 −2.84 1.71 17.00

7 242.0 −2.92 1.85 3.88

8 170.4 −2.52 1.57 10.44

9 173.8 −2.04 1.30 −2.68
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FIGURE 4.17: Discriminator interdependency for TankLHR, PINC and LiComp for nHit bin
3.

HAWC measured data, there are also instances where the MC simulations do not de-
scribe the measurements correctly. This approach has the advantage of showing any dis-
crepancy between simulations and measured data, which means that, on top of being a
gamma/hadron discriminator, it can additionally be used to improve the MC simulations
to more accurately reflect actual observations.
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FIGURE 4.18: Events passing optimal TankLHR, PINC and LiComp cuts for nHit bin 3.
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FIGURE 4.19: Events passing optimal TankLHR, PINC and LiComp cuts for nHit bin 8.
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5
A New Approach to Background
Modelling for HAWC

A major challenge in ground-based gamma-ray astronomy is the removal of the contri-
bution from non-gamma-ray induced showers that pass gamma/hadron separation. It is
important to correctly estimate this contribution as an over- or underestimate would lead
to fake deficit or excess signal. In this chapter, we generate different maps from HAWC
data, namely: maps that pass gamma selection of events, maps that pass hadron selec-
tion of events, the conventional HAWC background map, a new background map, excess
maps and exposure maps. The exposure map provides the expected counts from different
regions of the sky based on the amount of time that the region was in the field of view. It
is very convenient as it allows the rapid extraction of spectral information for any region
of the sky independent of spatial assumptions.

5.1 Building the Gamma-like Event Sky Map for HAWC

After the reconstruction process described in Chapter 4, there are parameters that de-
scribe the direction of the incoming particle (cf. Subsection 4.1.2) which can be used to
project the reconstructed events onto the equatorial sky. The Hierarchical Equal Area
isoLatitude Pixelation (HEALPix) scheme (Górski et al., 2005) is used in the mapping of
HAWC reconstructed events onto a 12-piece tessellated sphere. Each tessellation is re-
ferred to as a base pixel. All base pixels cover the same area and can each be divided
into 4 pixels which can be further subdivided into smaller area pixels to achieve higher
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map resolution. The resulting grid has a resolution parameter denoted as Nside, where the
number of pixels is 12 × N2

side. The higher the number of pixels, the more computation-
ally intensive the calculations are, hence we chose to work with an Nside of 256 for data
taken from 27th November 2014 to 20th December 2017. In essence, a HAWC sky map is a
display of the sum of reconstructed events that were projected in each pixel of size 0.228°.

The reconstructed event list is divided into groups (called chunks) of 2 hour period
during which the detector was stable (Fiorino, 2017). In other words, random dead time
and maintenance time are removed prior to the map-making procedure. Selection cuts on
the different gamma/hadron separators (for this study, cuts were applied on PINC and
COMPACT) can be applied to the reconstructed events to select gamma-like events and
hadron-like events as shown in Figure 5.1. The cuts to select gamma-like events are given
in Appendix C and are the same as in HAWC Collaboration et al. (2017c) while the cuts
to select hadron-like events are given in Appendix D and were chosen, without loss of
generality1, to account for the very hadron-like events.

HG

(A) PINC Distribution

H G

(B) COMPACT Distribution

FIGURE 5.1: Selection of gamma-like events (red, G region) and hadron-like events (blue, H
region) from the distribution of PINC (left panel) and COMPACT (right panel) for nHit bin 4.

A map-maker from HAWC (implemented in AERIE) performs the aforementioned HEALPix
mapping using the chunks and returns, for each nHit bin, an all sky gamma-like event
map (Gcut), an estimated background map, an on-time array describing the exposure of
the sky to the instrument, amongst other output (Fiorino, 2016). The gamma-like event
map (displayed in Figure 5.2) is generated from events that lie in the parameter space
labelled G in Figure 5.1. Figure D.1 in Appendix D shows the gamma-like event map

1The choice of the extent of the hadron-like distribution is justified in Section 5.2.2.
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for all nHit bins. The Gcut map is still dominated by background events (cosmic-ray in-
duced air showers) even after applying gamma selection cuts. The contribution of the
aforementioned background events can be thought of as the tail of the hadron-like event
distribution (blue line in Figure 5.1) in the G region. The difference between the gamma-
like event distribution and that tail is the excess signal of interest. To estimate this excess,
one must first model the tail of the hadron-like event distribution, i.e. model the back-
ground seen through HAWC.

= 4

0 1500Counts

360° 0°

FIGURE 5.2: Gamma-like event map for B = 4. The map was saturated at 1 500 for display
purposes.

5.2 Background Modelling

5.2.1 Direct Integration

Currently, the standard background estimation method employed in HAWC is ‘Direct
Integration’ (DI) which is a convolution of the event rate with the local arrival direction
in a given time period, typically 2 hours. Within this time step, events rates are summed
to form an integrated rate array, R(t), and a local arrival map is built by summing events
from regions of the sky constituting a pixel. At the end of the time step, the arrival map is
normalised to form an acceptance map, A(HA, dec), which represents the local detector
efficiency, i.e. how sensitive the detector is to different parts of the sky. This acceptance
map is then convolved with the array of integrated rates as follows:

BDI =
∫

R(t)A(HA, dec)dt , (5.1)
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and the process is repeated over the next time steps until the end of the dataset to build
the DI background model. Figure 5.3 depicts the counts estimate using DI for nHit bin 4
(Figure D.2 in Appendix D shows the same for all nHit bins).

= 4
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FIGURE 5.3: Counts estimate for B = 4 using DI technique of background estimation.

Caveats of DI and motivation for a novel approach to background modelling

The DI method, as described above, suffer from the following limitations, thereby sub-
stantiating the need for an improved novel approach:

1. Disregards some events
The mean local detector efficiency over the integration duration is taken as the nor-
malised arrival map for that time step. As such, this method assumes that the accep-
tance of the detector is independent of the trigger rate for a period corresponding
to the time step. The 2 hour period was chosen as a trade-off between collecting
ample statistics for background estimation and minimising systematics stemming
from variations in acceptance of the detector. For large-scale structures with faint
emission, however, a larger integration time is required to provide sufficient statis-
tics for the same accuracy (HAWC Collaboration et al., 2017c). One can generate
chunks of 24 hours, but these will contain far less statistics as only the times when
the detector was stable for 24 consecutive hours would contribute to building the
DI background.

2. Cosmic-ray isotropy
Another assumption made in DI is that the background produced from cosmic rays
is isotropic (Atkins et al., 2003). But this is not consistent with actual observations,
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in particular that of a local cosmic-ray anisotropy as shown in Figure 5.4 (HAWC
Collaboration et al., 2018a). While working with point sources or sources of small
angular extent, the local cosmic-ray anisotropy might not be relevant but in the
study of large-scale structures, one has to account for anisotropy effects.

FIGURE 5.4: All sky cosmic-ray anisotropy in the HAWC field of view (HAWC Collabora-
tion et al., 2018a).

3. Time consuming
Given the way DI is computed, i.e. a normalisation after every time step involved
in building the acceptance map, generating a DI background map is time intensive.
Moreover, it must imperatively be computed at the same time as the event maps,
slowing down the entire map-making process.

Due to the limitations of DI listed above, it is crucial to have a different approach
to model the background. In this novel background modelling scheme, all statistics can
be used irrespective of detector stability, cosmic ray anisotropy is accounted for as the
background model will be developed to have a right ascension (RA) dependency as well
as a declination dependency, with the method staying computationally and user-time
effective.

5.2.2 Model Background - Modelling Background using Hadron-like

Events

Although events in the maps are from 27th November 2014 to 20th December 2017, they
cover only 800 days because a 24 hour integration time was specified during the map-
making process to generate reliable DI maps for comparison to new background maps
generated through ‘Model Background’ (MB) which is a new approach to background
estimation.
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Input and Assumptions

The requirements of MB are:

1. Events maps — Gcut and Hcut
We hereby define Hcut, an all sky map of hadron-like events (shown in Figure 5.5)
which is produced in a similar way as the Gcut map (cf. Section 5.1) but using
different gamma/hadron selection cuts as elaborated in Appendix D, i.e events in
the parameter space labelled H in Figure 5.1. Henceforth, Gi denotes counts in a
pixel (i) of a Gcut map and similarly Hi for an Hcut map.
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0 44267Counts

360° 0°

FIGURE 5.5: Hadron-like event map for B = 4. Entries are events that pass the hadron
selection cuts as elaborated in the text.

2. Masked regions
To avoid any bias, MB requires computation from regions with probable gamma-
ray emission masked out. This was done by building a map of the same Nside as
the events maps, and masking out pixels within a certain angular extent from the
position of known gamma-ray sources. This angular extent of the mask depends
on the HAWC PSF and the extension of the source itself. For this purpose, circles
of radii 2.6° for the Crab nebula, 2° for Markarian 421 (Mrk421), 2° for Markarian
501 (Mrk 501), 6° for Geminga, 6° for PSR B0656+14 were used. Moreover, a disk of
20°(±10°) was used to mask out all the HAWC sources that lie about the Galactic
plane. The northern Fermi bubble was also masked out, using a template2 from
Fermi Tools3 as illustrated in Figure 5.6.

2gal2yearp7v6_v0.fits
3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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FIGURE 5.6: Map showing the mask used to avoid contamination from known gamma-ray
emission regions: Crab Nebula, Mrk 421, Mrk 501, Geminga, PSR B0656+14, the Galactic
plane and north Fermi bubble.

3. Livetime corresponding to the time for events used in the maps
This is basically a count of the number of transits of different parts of the sky cor-
responding to the time during which the instrument was recording the data set in
use, as shown in Figure 5.7. At this point, this is not a direct input to the method
but is rather used to compare and understand the behaviour of the data set. It is an
input for modelling the exposure maps and is therefore elaborated in Section 5.4.
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FIGURE 5.7: Number of recorded transits for different parts of the sky as a function of
Greenwich Mean Sidereal Time. This is the on-time of the HAWC instrument corresponding
to the data set in use.
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In MB, we assume that there is no significant deviation in the behaviour of the tail of
the distribution of hadron-like events (cf. Section 5.1), such that the selected very hadron-
like events, as shown in Figure 5.1, can be used to parameterise this tail. The acceptance
of an instrument is the probability of reconstructing a background event with a certain
energy and direction after applying trigger, analysis and selection cuts (Berge, Funk, and
Hinton, 2007). The instrument responds differently to gamma-like events than to hadron-
like events. In a parameter phase space diagram like Figure 5.1, the further apart the G
and H regions, the more significant is the difference in acceptance (Berge, Funk, and
Hinton, 2007). While the extent of the G region is nominal for HAWC (as established in
Chapter 4), the extent of the H region is a compromise between good separation from
the G region and ample statistics to make a normalisation factor using events from those
two regions small (≪ 1). Another (technical) assumption we employ in the tail-fitting
procedure is that parameter variations in RA and declination are independent of each
other. A third assumption is that the white region in Figure 5.6 is free of gamma-ray
sources or consists of isotropic gamma-rays.

5.2.3 Generating an RA-Dec Dependent Background Model

We now proceed with a step-by-step derivation of MB which is a parameterisation of
the distribution of hadron-like events in the G region. Basically, we scale the number of
events in the H region to predict its behaviour in the G region. This scaling factor, Y , is
the acceptance-weighted relative exposure of the unmasked part of the sky (Berge, Funk,
and Hinton, 2007) (cf. Figure 5.6). The acceptance, in turn, depends on zenith and az-
imuth angles, although the variation along zenith is expected to be the dominant effect.
Figure 5.8 shows the instantaneous field of view of HAWC, in local and sky coordinates,
which demonstrates this dominance. On the left map (local coordinates), the concentric
rings represent different zenith angles while the radial lines correspond to different az-
imuth angles. Typically, at a specific zenith, there is only a small variation seen along
azimuth but there is a significant gradient along zenith for a specific azimuth. Therefore,
Y varies with RA and declination with the variation in declination being more assertive
than that in RA.

Let the scaling with declination be a-factor. It is defined as the ratio of events in the G
phase space region to that in the H phase space region (cf. Figure 5.1) as follows:

a(δ) =
Gδ

Hδ
, (5.2)
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FIGURE 5.8: Instantaneous field of view of HAWC in local (left panel) and sky (right panel)
coordinates (Martinez-Castellanos, 2016). The field of view moves as shown by the green
arrow as the Earth rotates.

where Gδ and Hδ are counts from the respective maps, averaged over 2° declination win-
dow. A smooth form was obtained by using a moving average of 0.1° and ai was de-
termined by interpolating a(δ) linearly across declination rings of the HEALPix map.
The top right panel of Figure 5.9 indicates the distribution of a-factor with declination
for all nHit bins, while the top left panel illustrates only the distribution for nHit bin 4
(B = 4). In both panels and following figures, only the variations within the field of
view of HAWC, −25° < δ < +65°, are shown. The events statistics in the H region
are significantly larger than that in the G region, such that a ≪ 1. Figure 5.9(A) shows
that the variation in a-factor is over a factor of 2 only. The shape, whereby the a-factor
decreases with increasing zenith or declination, matches our expectations as showers for
larger zenith angles must encounter a thicker layer of medium before triggering the in-
strument. As the zenith angle increases, so does the shower absorption, such that the
event rate decreases. Figure 5.9(B) shows that there is a systematic decrease overall in
a-factor values across nHit bins, which might be a consequence of the decrease in statis-
tics for higher nHit bins. An advantage of this approach is that it does not assume radial
symmetry for the acceptance. Any asymmetry, resulting from the fact that HAWC is not
a symmetric instrument or that γ/hadron selection cuts are azimuth angle dependent, is
encoded naturally, as illustrated in the bottom left panel of Figure 5.9. Therein, δHAWC is
the declination of the HAWC observatory and North/South are declinations that are big-
ger/smaller than δHAWC, respectively. Additionally, the bottom right panel of Figure 5.9
illustrates DNS, the fractional deviation of North and South from an averaged behaviour
of a-factor over δ − δHAWC:

DNS = 2 ×
[

aN − aS

aN + aS

]
× 100% . (5.3)
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The variations increase with bin size and a reason for this might be that we have far less
statistics in B = 9 than in B = 1, thereby increasing the statistical uncertainty associated
with higher nHit bins. We do not fully understand the behaviour shown, i.e., for instance
for nHit bin 6, why there are more counts from the South and then a switch to a higher
number of counts from North.
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FIGURE 5.9: Distribution of a-factor as a function of declination for B = 4 (left panel) and B:
1 - 9 (right panel).

Since we want both a declination and RA dependent model, we take Y to be a product
of a-factor as a function of declination (δ) and b-factor as a function of RA. Assuming an
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independent behaviour in RA and in declination, we determined the distribution in RA
by factoring out the declination dependence from the pixel to pixel variation,

b
′
i =

(
Gi

Hi

)
÷ ai . (5.4)

b
′
i was then averaged per 1° RA bin to extract b

′
(RA). The magnitude of the variations

in RA is small, such that statistical fluctuations dominate even after averaging over 1° as
depicted in the top left panel of Figure 5.10. Hence, a smoothing of the following type
was applied:

b(RA) = SG
[
b
′
(RA)

]
. (5.5)

SG is a Gaussian smoothing function whose kernel (in degrees) depends on the nHit bin
as: kernel = 2B + 15. This approach, using all data in deriving the background, provides
us with the flexibility of tuning the smoothing we apply across nHit bins. The smoothing
kernel was made to vary with B as we have a lot more statistics in smaller nHit bins
compared to higher ones. bi was determined by interpolating b(RA) linearly through
neighbouring pixels.

The bottom left panel of Figure 5.10 illustrates the distribution of b-factor with RA for
nHit bins 1 to 5 and the right panel for nHit bins 6 to 9. The top panels are specifically for
nHit bin 4: the left panel shows the b-factor before and after smoothing (kernel = 25°),
while the right panel displays the comparison of the smoothed b-factor to the relative
livetime of HAWC corresponding to the time for events in the maps (see Section 5.4 for
more details). This shows that the main variation in RA results from a variation in live-
time, but there is also a contribution from the cosmic ray anisotropy at a level of 10−4

(HAWC Collaboration et al., 2018a). The distribution along declination (in a-factor) is
the dominant contribution as expected. Once a- and b-factors have been calculated, they
can be multiplied together to extract the Y-factor which can subsequently be convolved
with the Hcut map to acquire a new background estimate — MB (BYi) as given by the
following equations:

Yi(RA, δ) = ai(δ)× bi(RA) (5.6)

BYi = YiHi . (5.7)

The resulting map for nHit bin 4 is shown in Figure 5.11 while for all nHit bins is given
in Figure D.3 in Appendix D.
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FIGURE 5.10: Distribution of b-factor as a function of right ascension.

5.3 Excess Maps

Now that we have a background model that incorporates the isotropic and anisotropic
cosmic rays, we can subtract it from the data map to compute an excess map (Ei):

Ei ≡ Gi − BYi = Gi −YiHi . (5.8)

This map indicates regions from which more events were recorded and consequently the
regions of candidate sources as shown in Figure 5.12. The excess maps of all nHit bins
derived from MB are provided in Figure D.4 in Appendix D.
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FIGURE 5.11: Counts estimate for B = 4 using MB technique of background estimation.

5.3.1 Comparison with Direct Integration

To assess the credibility of the assumptions made, and how different the new background
model is, we compare with the current model employed in HAWC, i.e. the DI method.
Figure D.5 in Appendix D displays the excess maps of all nHit bins derived from DI. The
top panel of Figure 5.13 shows the excess maps for B = 2 as derived from DI. Therein, the
contributions emanating from the cosmic-ray anisotropy are clearly incorporated as part
of the excess. The bottom panel of Figure 5.13 depicts the excess maps for B = 2 as de-
rived from MB and it is evident that the method has effectively removed the contributions
from the cosmic-ray anisotropy.

The left panel of Figure 5.14 shows a comparison between the relative livetime of
HAWC and the average counts per pixel for the Gcut, MB and DI maps, as a function of
right ascension for B = 4. The counts per pixel in each case were obtained by summing,
for the whole HAWC field of view, the counts in a right ascension bin of 12° wide and
then dividing by the total number of pixels whose counts were summed. Without loss of
generality, a bin of 12° was chosen to extract a global distribution with right ascension:

counts per pixel = ∑12°
i Gi

∑12°
i i

=
GI

I
. (5.9)

The right panel of Figure 5.14 illustrates, again for B = 4, the relative excess seen as a
function of right ascension. The relative excess was calculated using:

Erel(RA) = 2 × GI − BI

GI + BI
, (5.10)
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FIGURE 5.12: Excess counts map for B = 4, using DI (top) and using MB (bottom). A 5°
smoothing was applied and the map shown has a mean pixel size of approximately 0.229°.

where BI is the background and can be BDI or BY . The error bars (and corresponding
shaded region) shown were calculated by propagating statistical error using the following
equation:

∆Erel(RA) = Erel

[
∆GI

GI − BI
+

∆GI

GI + BI

]
, (5.11)

where we assumed that the background models are error-free (derived in Section 5.3.2)
and that the error emanates solely from the Gcut map.
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FIGURE 5.13: Excess maps derived using the DI (top) and MB (bottom) maps for nHit bin 2
with a 5° smoothing.

Having a Poissonian distribution, the error in Gcut map (∆GI) was taken to be (see
Section 5.3.2 for justification):

∆GI =

√
GI

I
. (5.12)

Figure 5.14 shows that the MB model is comparable to DI. There are some differences
that might indicate extended gamma-ray emission beyond what would have been ob-
tained by using DI at 275° < RA < 300°. This RA band corresponds to part of the
Galactic plane with known HAWC sources. Since the MB method does not depend on a
24 hour integration period, it takes into account data that might have been rejected by DI
and hence contains more statistics than the latter. This is clearly seen in the right panel of
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FIGURE 5.14: Comparison between DI and MB for B = 4 as a function of right ascension.
The left panel shows overall differences of counts per pixel between DI, MB and the Gcut
map. It also shows that the trend is dictated by the livetime. The right panel shows the
relative excess as a function of RA for both DI and MB.

Figure 5.14, where there is more relative excess in the MB map than in DI.

Figure 5.15 is a map showing the relative difference between DI and MB, i.e. (BDIi −
BYi)/BDIi for B = 2 in the top panel and B = 7 in the bottom panel. The two dark bands
at the extreme ends of the HAWC field of view (−25° < δ < +65°), as labelled in the
middle panel, are due to a significant decline in statistics with increasing zenith angles.
Region A is evident in B = 2 as it is present in the MB method but not in DI. A bright
emission around part of the Galactic plane is also significantly discernible in higher nHit
bins (for instance B = 7), which is an indication that emission around the Galactic plane
might have been underestimated with the DI method.

5.3.2 Error Propagation

With the large number of counts in each nHit bin, the error in every pixel of the excess
map is given by:

∆Ei =
√

∆G2
i + ∆B2

Yi
. (5.13)

As in equation (5.12), the error associated with the Gcut map is ∆Gi =
√

Gi, which when
evaluated for B = 4 has an order of magnitude of 10, i.e. the fractional uncertainty on the
Gcut map is 1%. Similarly, for B = 4, the fractional error on the Hcut map is 0.1%. The
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FIGURE 5.15: Relative difference in backgrounds: BDI−BY
BDI

for nHit bins 2 (top panel), 4 (middle
panel) and 7 (bottom panel).

error in the MB map is obtained by adding the errors in Y and Hi in quadrature:

∆BYi =
√

H2
i ∆Y2

i + Y2
i ∆H2

i . (5.14)
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The error on Y , ∆Yi =
√

b2
i ∆a2

i + a2
i ∆b2

i , has an order of magnitude of O(10−5) leading
to a total statistical fractional uncertainty at the level of 0.1% for the MB map. Thence, the
errors on the excess maps are completely dominated by the number of counts in the Gcut
map.

For a specific region of interest (ROI), the error on every pixel making up the region
should be added in quadrature:

∆EROI =

√
∑
iROI

∆E2
i . (5.15)

Since a and b factors vary over few degrees, for larger ROI (upto 10°), averaging Y-factor
is a very good approximation which also saves on computing time. An average Y-factor
can be defined as:

Y =
∑iROI

BYi

∑iROI
Hi

, (5.16)

such that the error in the excess is then:

∆EROI =

√
∆G2

i + Y2
∆H2

i + H2
i ∆Y2

(5.17)

≃ ∆Gi , (5.18)

where ∆Y2
is Y/ ∑iROI

.

5.3.3 Method Performance through Source Significance

We want to assess the performance of the MB method of background estimation. To
obtain some quantitative diagnostics, we have to compute the statistical significance of
a source in the sky. In HAWC, significance is computed using test statistic (TS) which
measures the degree of agreement between a sample of data (alternate hypothesis) and the
model background (null hypothesis) for each nHit bin. Conventionally, a spectrum is as-
sumed and the nHit bins are assigned different weights before combining them to extract
and maximise a likelihood ratio for the null hypothesis to the alternate hypothesis. We,
however, calculated the significance of different nHit bins using the Li and Ma prescrip-
tion as detailed by the equation below (comparable to equation (17) in Li and Ma, 1983):

SB
2 = 2

{
Non ln

[(
1 + α

α

)(
Non

Non + Noff

)]
+ Noff ln

[
(1 + α)

(
Noff

Non + Noff

)]}
. (5.19)

The term “on” refers to a specific test region while “off” corresponds to a region or regions
with no known gamma-ray emission, such that Non = ∑ion Gi and Noff = ∑ioff

Hi. The
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significance is then calculated by taking
√
SB

2 and substituting α in equation (5.19) with
Y as defined in equation (5.16). We performed a test to compare the significance of a
source, for instance, the Crab nebula, as computed using MB to that estimated using DI, as
a function of nHit bins. The significance was computed for each nHit bin independently
as displayed in Figure 5.16.
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FIGURE 5.16: Significance of Crab nebula per nHit bin.

5.4 Exposure Maps

Given the location of HAWC, different celestial objects are seen for different lengths of
time. This implies that that we collect more data from some regions than others. An
exposure map is a spatial representation of the expected number of counts, given a source
spectrum. To extract such a map, we require the livetime of HAWC which will give
the variation in right ascension, and a HAWC detector response file for the variations in
declination. The livetime of HAWC is stored as an array which can be obtained from
the HAWC map-maker. The variations in the array are as a function of a sidereal day in
Greenwich Mean Sidereal Time (GMST) and the content of array is the number of transits
of the sky that were recorded corresponding to the data in use to derive the map as shown
in Figure 5.7. Local mean sidereal time (LMST) is the sum of GMST and the longitude of
HAWC (λHAWC = 97.3° W). At zenith, the hour angle (HA) is zero, and therefore, LMST
is equal to RA. Taking this into account, we can convert from GMST to RA.

By performing MC simulations of several parameters, such as instrument (PMT) re-
sponse, the aforementioned detector response file is generated (Baughman and Smith,
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2010). It comprises of the HAWC PSF, stored as histograms, at different declinations for
each nHit bin, which defines the event rate for a source of given spectrum as a function
of energy. Integrating these histograms and interpolating though all declinations, one
can generate a map which depicts the expected counts per transit in different declination
bands of the sky as illustrated for B = 4 in the upper panel of Figure 5.17. A Crab nebula-
like source spectrum, with spectral index −2.63 and normalisation 3.5 × 10−11 cm−2 s−1

at a reference energy of 1 TeV, was used. Figure D.6 in Appendix D similarly depicts for
all nHit bins and the numbers are consistent with those published in Table 2 in HAWC
Collaboration et al. (2017c).
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FIGURE 5.17: Map illustrating expected count per transit for B = 4. A Crab nebula-like
source spectrum, with spectral index −2.63 and normalisation 3.5 × 10−11 cm−2 s−1 at a
reference energy of 1 TeV, was used. The upper panel depicts the expected counts per transit
while the lower panel is the exposure map for the entire data set in use.
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This map of expected counts per transit is further convolved with the livetime to in-
corporate the variations in RA, which yields the exposure map. The lower panel of Fig-
ure 5.17 depicts the exposure for B = 4 for the entire data set used while Figure D.7,
in Appendix D, illustrates the corresponding exposure maps for all nHit bins, both for a
Crab nebula-like source with spectral index −2.63 and normalisation 3.5× 10−11 cm−2 s−1

at a reference energy of 1 TeV. As a validation of our exposure modelling, we compare the
excess counts seen in a region, for instance the Crab nebula, to the expected number of
counts based on the exposure. Figure 5.18 depicts a clear consistency between the two
numbers across all nHit bins.
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FIGURE 5.18: Distribution of flux as a function of spectral index assumed in computing the
detector response.

5.5 Summary

A novel method for background estimation was described using events that pass either
of a pair of selection criteria. A right ascension-declination dependent background was
generated for each nHit bin by deriving a and b-factors. While it is still unclear how
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much of the declination dependence of a-factor originates from a reduction of gamma-
ray efficiency across declinations, some preliminary significance computations showed
compatibility to the DI method of background estimation. Our approach for background
estimation, results in faster computations, exploits all statistics available and accounts for
the cosmic-ray anisotropy. Finally, we derived exposure maps, using the livetime and
detector response of the instrument which will later be used for source significance and
flux computations.
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6
Search for Large-Scale Structures in
HAWC Sky

In this chapter, we make a blind search for large-scale structures in the HAWC sky map.
We describe the underlying formalism and conceptual foundations of our approach to
combine the different nHit bins and present our results.

6.1 The Maximum Likelihood Method for Significance and

Flux Computation

We will use the method of hypotheses test from mathematical statistics to estimate the
significance of counts from different parts of the sky. Assuming Poissonian statistics, the
likelihood function of N observed values with the probability of observing X given Θ, i.e.
L(X|Θ), which, as represented in Li and Ma (1983), is:

L(X|Θ) =
NNon

on e−Non

Non!
NNoff

off e−Noff

Noff!
, (6.1)

and in logarithmic space is:

lnL = −Non + Non ln Non − ln (Non!)− Noff + Noff ln Noff − ln (Noff!) . (6.2)

Non is sampled from the measured gamma-like events map (G), Noff is sampled from the
measured hadron-like events map (H), Noff is the expected background, and Non is the
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expected counts given by E + Noff, where E is an expected excess which is expressed as
the product of flux F , and exposure E , i.e. E = FE .

We initially treated the expected background as a known parameter (BY ), i.e. YH as
derived in Chapter 5, and maximised the flux. However, after running some diagnos-
tic tests, we found that this is not the case for low nHit bins. For these nHit bins, Y (or
equivalently the a-factor, as shown in Figure 5.9(B)) shows an increasingly larger devia-
tion from zero. Thus, the expected background is a true unknown and is hereon treated
as a nuisance parameter.

To search for structures at different angular scales, we set the sampling from the maps
to different integration radii, namely 1°, 2°, 4°, 8° and 16°. Moreover, to avoid contami-
nation of emission from known gamma-ray sources, the latter were masked with appro-
priate extensions. While a disk of 10°(±5°) was used for the sources within the Galactic
plane, the off Galactic plane sources were masked as detailed in Section 5.2.2. Addition-
ally, few sources from the 2HWC catalogue were also masked with 1° circles, namely
J0700+143, J0819+157, J1040+308, J1309-054 and J1829+070.

6.1.1 Background Optimisation - The Profile Likelihood Approach

Prior to maximising on the flux, in this profile likelihood approach, we will maximise the
nuisance parameter:

∂ lnL
∂Noff

= 0 , (6.3)

such that the expected background is obtained using the model background (MB), with
E or equivalently F as the only free parameter:

Noff =
1

2Y(Y + 1)

[
YG + BY − E(Y + 1) +

√
(YG + BY − E(Y + 1))2 + 4E BY (Y + 1)

]
.

(6.4)
The likelihood fit now maximises the Cash statistic with one degree of freedom (DoF)
(Cash, 1979):

C = 2 ∑
i

[
(Noff)i − (Non)i ln (Noff)i

]
. (6.5)

We used an optimisation code which invokes the Nelder-Mead minimisation algorithm.
For a given pixel of the sky map, the algorithm tests different flux values and outputs
the global minimum flux, Fmin, and its corresponding Cash likelihood, Cmin. Figure 6.1
depicts the Cash minimisation for the Crab nebula centre position at different scales. A
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likelihood ratio test is subsequently used to determine the statistical significance σ:

TS = C0 − Cmin , (6.6)

σ = sign(Fmin)
√
|TS| . (6.7)

0.0 0.5 1.0 1.5 2.0 2.5
[crab units]
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1000
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5000
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Bins 3 9, 1°
Bins 3 9, 8°

FIGURE 6.1: Minimising on the flux at the Crab nebula centre position for B = 4 at 1°,
B : 3 − 9 at 1° and B : 3 − 9 at 8°.

According to Wilks’ theorem, for a large number of counts, the distribution of the TS
asymptotically approaches a χ2 distribution with a difference in DoF that corresponds
to the difference of the DoF in each hypothesis. In this limit, although a negative flux
has no physical interpretation, the sign(Fmin) in equation (6.7) allows for negative sig-
nificance values. This occurs in regions where the number of counts is smaller than the
background estimate, for instance, a statistical downward fluctuation. Figure 6.2 displays
the significance whole sky maps for B = 4, 7 and 9 with a 4° and 16° integration radius.
There are discernible regions of emission that form at larger integration scales, we need
to combine the nHit bins to identify any conspicuous region that significantly stands out
of the fluctuations.

6.1.2 Assessing the All-Sky Significance Map from Combined nHit Bins

In the context of our binned data, we combine the nHit bins by taking the product of the
likelihoods (sum of lnLB) in each nHit bin. We use the computed significance and flux to
first assess the distribution of off-source significance, then select and study regions of in-
terest (ROI). The significance maps for all the integration radii are depicted the following
section in Figures 6.6 through 6.10. The significance maps for 4° and 16° integration radii
are illustrated in Figures 6.3 and 6.4 and will be used to assess the background.
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FIGURE 6.2: HAWC sky map for selected nHit bins at different scales. The left column is for
an integration radius of 4°, while the right column is for a larger radius of 16°. The maps in
the upper panel are for B = 4, the middle panel for B = 7 and the lower panel for B = 9.

Figure 6.3 (and similarly Figure 6.4) illustrates three panels of significance maps and
their corresponding histograms. The upper panel is the result of combining B : 1 − 9,
the middle and lower panels are for B : 3 − 9. The middle panel presents the signifi-
cance involving the alternate hypothesis, L(Non|Noff), but the lower panel presents the
significance generated from a fake counts map, which was taken to be a diced version of
the background map, thereby testing L(Noff|Noff)). This fake counts map, devoid of any
known source, allows us to verify whether we introduced a bias or not. In all cases, the
histogram depicts the distribution of significance in off gamma-ray source regions, which
in theory should have a normal distribution. This is because, in an off-source region, we
expect as much upward fluctuation as downward, with the mode at zero, i.e. a mean
of 0 and a standard deviation of 1. However, for B combination 1 to 9, there is a larger
spread in the significance distribution, thereby deviating from the expected normal be-
haviour. This is indicative that the statistics of the lower nHit bins is biased which might
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be because of potential sources/emission present in our off region and/or an incorrect
background estimation. At the moment, we cannot remove the bias, hence, for the pur-
pose of the blind search, we choose to work with B combination 3 to 9 which implies
energies > 1 TeV. Lastly, we computed other combinations of nHit bins (1 − 9 and 4 − 9)
to allow comparison, wherever possible, to published values.

6.1.3 Computing the Differential Flux of Some Gamma-Ray Sources

Figure 6.5 illustrates Fmin at 7 TeV, equivalently F7, as a function of spectral assumption
made to model the exposure maps. The uncertainty on Fmin was estimated using pa-
rameter limits corresponding to a given difference, ∆(TS), in the log-likelihood function
compared to the minimum value. ∆(TS) depends on the required confidence level (CL),
and for this study was chosen to be 95% corresponding to ∆(TS) = 3.84. Table 6.1 lists
the calculated fluxes, at 7 TeV, of the Crab nebula, Geminga and the Galactic plane. By
comparing to respective values from previous HAWC publications, we see a difference
of up to 15% in the case of the Crab nebula and up to 54% for Geminga. This is plausible
given that we are using a bigger dataset, a background model adapted for analysis of ex-
tended sources, as it incorporates the CR anisotropy, and altogether, a different approach
to the flux computation.

TABLE 6.1: Table detailing the differential flux for the Crab nebula, Geminga, and the Galac-
tic plane at a reference energy of 7 TeV. A comparison to published values was made where
possible. The extension of the source used is given in parentheses next to the source name.

Method

Source F7 [TeV−1 cm−2 s−1]

Crab nebula Geminga Galactic plane

(1.3°) (2°) (±5°)

×10−13 ×10−14 ×10−12

Likelihood approach
(B: 1 - 9)

2.12 ± 0.07 7.47 ± 1.03 7.16 ± 0.31

HAWC Collaboration et
al. (2017e) (B:
1 - 9)

1.85 ± 0.02 4.87 ± 0.69 -

Likelihood approach
(B: 4 - 9)

2.24 ± 0.09 9.56 ± 1.26 7.66 ± 0.37

HAWC Collaboration et
al. (2017c) (B:
4 - 9)

2.51+1.47
−0.93 - -
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FIGURE 6.3: Combining different bins for integration radius 4°. The significance maps
shown are in the left column, while the right column illustrates the 1D distribution of sig-
nificance in the off-source region. The upper panels are for B : 1 − 9, middle panels are for
B : 3 − 9 and the lower panels are also for B : 3 − 9 but generated from fake counts map.

For part of the galactic plane in the field of view of HAWC, 10° < l < 95° and b = ±5°,



6.1. The Maximum Likelihood Method for Significance and Flux Computation 119

16°

-7.75 7.62Significance [ ]

180° 180°

10.0 7.5 5.0 2.5 0.0 2.5 5.0 7.5 10.0

1000

2000

3000

4000

5000

6000

7000

8000

#
En

tri
es

16°
= -0.037, = 2.31
= 0, = 1

16°

-4.71 5.30Significance [ ]

180° 180°

10.0 7.5 5.0 2.5 0.0 2.5 5.0 7.5 10.0

1000

2000

3000

4000

5000

6000

7000

8000

#
En

tri
es

16°
= -0.122, = 1.35
= 0, = 1

16°

-3.12 3.64Significance [ ]

180° 180°

10.0 7.5 5.0 2.5 0.0 2.5 5.0 7.5 10.0

1000

2000

3000

4000

5000

6000

7000

8000

#
En

tri
es

16°
= 0.104, = 0.98
= 0, = 1

FIGURE 6.4: Combining different bins for integration radius 16°. The significance maps
shown are in the left column, with the right column depicting the 1D distribution of signifi-
cance in the off-source region. As in Figure 6.3, the upper panels correspond to B : 1 − 9, the
middle panels are for B : 3− 9 and the lower panels are also B : 3− 9 but generated from fake
counts map.
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FIGURE 6.5: Distribution of flux for the Crab nebula region (extension radius = 1.3°) at 7
TeV as a function of spectral index assumed in computing the detector response. The distri-
butions displayed are in the left panel in crab units while the right panel is in the converted
differential flux units, with associated error bars and is further compared to the correspond-
ing published value from HAWC Collaboration et al. (2017c).

for B: 1 - 9, we found F7 = (2.9 ± 0.1)× 10−12 TeV−1cm−2s−1. By summing the differen-
tial fluxes at 7 TeV of individual sources previously reported in the 2HWC catalogue and
from the same region, we found F7 = 2.3 × 10−12 TeV−1cm−2s−1. Considering that we
are comparing sources and diffuse emission in the selected region to the sum of resolved
source fluxes, and that from the comparisons in Table 6.1, we expect ∼ 20% differences be-
tween our values, the aforementioned F7 values appear to be consistent with each other.

6.2 Previously Unseen Large-Scale Emission Region in the

HAWC Map towards l ∼ 30°

From the middle panel of Figure 6.4, there is a region of extended emission just above the
Galactic plane and centered around longitude ∼ 30° which exhibits a significance of up
to 5.30. Figures 6.6 through 6.10 depict the significance and flux variations (in Crab units)
in this ROI at different angular scales. In the maps shown for this ROI, the masked areas
correspond to the Galactic plane (< 5°), 2HWC J1829+070 (centered at l = 36.7°, b = 8.0°)
and partially MrK501 in the upper left corner.

Figures 6.6 and 6.7 display no discernible emission at integration radii of 1° and 2°,
respectively, consistent with previous studies. Figure 6.8 (4° integration radius) displays
few bright spots around l = 45° and around J1846+0919 but these might still be construed
as consistent with fluctuations in other regions of the sky. On the other hand, the ROI
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FIGURE 6.6: Zoom in on ROI at 1°. The upper panel displays the significance and the lower
panel depicts the flux in the selected region. The black star is pulsar J1740+1000 and the
green dot is pulsar J1846+0919.

FIGURE 6.7: Zoom in on ROI, similar to Figure 6.6, except for an integration radius of 2°.

clearly demonstrates extended emission at integration radii 8° and 16° in Figures 6.9 and
6.10, respectively, which could be a TeV halo associated with a pulsar, molecular clouds
or a galactic outflow.

As a preliminary investigation, we selected a circular region of radius 11° about the
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FIGURE 6.8: Zoom in on ROI, similar to Figure 6.6, except for an integration radius of 4°.

FIGURE 6.9: Zoom in on ROI, similar to Figure 6.6, except for an integration radius of 8°.

galactic coordinate (33°, 16°). Applying the profile likelihood approach, the differential
flux at 7 TeV for that region was found to be (8.05 ± 6.86) × 10−14 TeV−1cm−2s−1. We
repeat the computation with different spectral indices (cf. Section 5.5) and factor in the
solid angle of the selected region. Figure 6.11 illustrates the upper flux limits obtained
from different spectral indices tested and how the integral flux upper limit was found to
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FIGURE 6.10: Zoom in on ROI, similar to Figure 6.6, except for an integration radius of 16°.

be ∼ 1× 10−6 − 3× 10−8 for energies between 1− 100 TeV. While no detailed source spec-
tral or morphology analysis is done in this study, we provide the following description
for the possible source(s) of this previously unseen large-scale emission.

FIGURE 6.11: Extracting integral flux upper limits using 95% confidence level upper limits
from different spectral indices.
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6.2.1 Pulsar Related Emission?

The location of two nearby pulsars1 are marked in Figures 6.6 - 6.10. The black star at
l = 34.0°, b = 20.3° is J1740+1000. It has a spin down power of 2.32 × 1035 erg/s, a
characteristic age of 114 000 years and its distance, estimated via dispersion measurement,
is 1.23 kpc from the Sun (McLaughlin, Cordes, and Arzoumanian, 2000; McLaughlin et
al., 2002; Bilous et al., 2016). The green dot at l = 40.7°, b = 5.3° is J1846+0919. It has
a spin down power of 3.41 × 1034 erg/s, a characteristic age of 360 000 years and is at a
(dispersion measure) distance of 1.53 kpc from the Sun (Saz Parkinson et al., 2010).

Building on equation (1.15), in the Thomson regime, the electron cooling timescale
through IC scattering is:

τIC ≈ 3.1 × 102kyr

(
1

Urad

)(
1
Ee

)
. (6.8)

The relation between Ee and Eγ produced through IC scattering is Ee ≈ 11
√

Eγ TeV.
Assuming a CMB photon field, Urad = 0.26 eV/cm3, and given the characteristic age
of PSR J1740+1000, the electrons can cool down to 10 TeV which corresponds to 1 TeV
photon. Assuming a power-law spectrum for F (E), with index −2.1 and normalisation
8.05 × 10−14 TeV−1cm−2s−1, as calculated above for the ROI, we compute F>1TeV, the
power required in gamma-ray as

∫
EF (E)dE from 1 to 100 TeV. The gamma-ray luminos-

ity, Lγ, is then 4πd2
PSRF>1TeV. Using these values, we estimated Lγ to be approximately

5.0× 1033 erg/s for PSR J1740+1000 or 2% of its spin down power and 3.4× 1034 erg/s for
PSR J1846+0919 or 23% of its spin down power. Thus, both pulsars have the minimum
power to drive the emission seen at TeV energies.

PSR J1846+0919 was detected through Fermi-LAT (Saz Parkinson et al., 2010) and
given its location at the edge of the ROI, it is unlikely that the large-scale emission origi-
nates solely from PSR J1846+0919. On the other hand, PSR J1740+1000, detected through
an Arecibo survey, is close to the centre of the ROI (McLaughlin, Cordes, and Arzou-
manian, 2000; McLaughlin et al., 2002). It is a relatively young pulsar and has higher
energetics than PSR J1846+0919. PSR J1740+1000 is located at a large distance from the
Galactic plane and was originally thought to be representative of a class of high velocity
pulsars ejected from the Galactic plane. It was also suggested that the pulsar was actu-
ally born out of the Galactic plane, likely from a halo-star progenitor. Kargaltsev et al.
(2008) used data from Chandra and XMM-Newton to study the PWN properties of the
pulsar in X-rays, i.e. in the (0.4 − 10) keV energy band. This study revealed a tail asso-
ciated with PSR J1740+1000, the orientation of which suggests that the pulsar is moving

1The properties of the pulsars were taken from ATNF (Australia National Telescope Facility) pulsar
catalogue at https://www.atnf.csiro.au/research/pulsar/psrcat/.

https://www.atnf.csiro.au/research/pulsar/psrcat/
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at a small angle (7°) towards the Galactic plane. The occurrence of a tail associated with
PSR J1740+1000 is regarded as an extreme case of ram pressure-confined outflow from
the pulsar moving supersonically. As mentionned above, the pulsar reveals relativistic
electrons that can produce TeV emission via the IC scattering of IR and CMB photons.
However, interestingly, no extended radio emission has been reported around this pulsar
which could be due to a lack of observation with sufficiently deep exposures.

6.2.2 North Polar Spur or Galactic Outflow?

(A) ROI at 408 MHz (Haslam et al., 1982).
PSR J1740+1000 is denoted with a plus
(McLaughlin et al., 2002).

(B) Proposed 3D view of NPS and Aquila
Rift from the sun (Kataoka et al., 2018).

(C) ROI in velocity-integrated CO map (Dame, Hartmann, and Thaddeus, 2001). The
Aquila Rift region is labelled.

FIGURE 6.12: ROI in different light and perspective.
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Figure 6.12(A) depicts the ROI at 408 MHz. It is the desourced and destriped2 radio
continuum survey (Haslam et al., 1982). It reveals that the ROI comprises of the North
Polar Spur (NPS) which is part of a hot interstellar bubble created by winds of young, hot
stars and several supernova explosions. It is a coherent structure of the soft X-ray sky,
however, in radio maps, it forms a bright ridge of emission emanating perpendicularly
from the Galactic plane at l ∼ 30° (Dickinson, 2018), then joins the Loop I.3

NPS is usually assumed to be the remnant of a local supernova (Heiles et al., 1980;
Salter, 1983; Egger and Aschenbach, 1995) which leads to distance estimates ranging from
50 pc to 200 pc (Berkhuijsen, 1973; Bingham, 1967). The age of NPS is not known; It should
be fairly young as it it observed in X-rays and it should be sufficiently old for expanding
into such shells via the release of energy into the ISM. McLaughlin et al. (2002) quotes age
estimates between 2 × 105 years to 2 × 106 years old. Location-wise, the NPS seems to
match the large-scale emission seen in our ROI. It is noteworthy that SAS-II, COSB and
EGRET searched for HE gamma-rays associated to accelerated electrons or protons from
NPS which did not come to fruition (Casandjian and Grenier, 2009). None of the detectors
had enough statistics to distinguish the faint signal of the NPS from broad galactic emis-
sion, such as IC emission from CR electrons scattering with interstellar radiation field or
bremsstrahlung associated to hydrogen gas or emission from pion production and sub-
sequent decay. However, Casandjian and Grenier (2009) modelled the galactic diffuse
emission and compared it to Fermi-LAT photons detected above 300 MeV to find an ex-
cess whose structure is similar to that seen in synchrotron emission maps.

6.2.3 Giant Molecular Cloud-Associated Emission?

As introduced in Section 1.6, molecular clouds are sources of particularly intense and lo-
calised gamma-ray emission as well as diffuse emission in the presence of CRs. The ROI
overlaps with the Gould Belt, an expanding disk of gas and young stars (Stothers and
Frogel, 1974), which major local molecular clouds appear to follow (Dame, Hartmann,
and Thaddeus, 2001). These molecular clouds are part of the Serpens-Aquila Rift (or sim-
ply Aquila Rift) which lies on the line of sight to NPS as illustrated in Figure 6.12(B).
The molecular clouds do not have ionised gas as most of ISM. Instead, they have molec-
ular hydrogen which is difficult to detect directly, but can be traced using CO survey.4

2Because of variations in the thermal and electronic stability of telescope systems, residual offsets are
observed from one detector to another which results in strips in the reconstructed maps. Destriping is a
Fast Fourier Transform (FFT) algorithm that models and removes this noise.

3Loop I is a circular feature on the sky, centered on Scorpius-Centaurus OB Association, at longitude
330°, latitude 18°, and with a diameter of 116°.

4Far infrared emission is used as a total gas tracer to calibrate the ratio of molecular hydrogen column
density to velocity-integrated CO distribution. Dame, Hartmann, and Thaddeus (2001) cites the conversion
factor as approximately constant at X ≡ NH

WCO
= 1.8 × 1020 cm−2K−1km−1s
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Figure 6.12(C) depicts the velocity-integrated CO map from Dame, Hartmann, and Thad-
deus (2001), showing the Aquila Rift within our ROI. At this point, knowing that the line
of sight to PSR J1740+1000 passes through the NPS and the Gould Belt (McLaughlin et al.,
2002), it is not possible to single out a single source for the large-scale emission without
further detailed study.

6.3 Galactic Plane Flux using Independent Integration Boxes

FIGURE 6.13: HAWC significance sky map with 8° integration radius without mask over
Galactic plane. The significance and flux of selected region will be computed again using
independent boxes.

The method described above correlates any given pixel on the sky to its neighbouring
pixels within the integration radius. Figure 6.13 illustrates the sky significance map with
8° integration radius including the Galactic plane. We now compute the significance and
flux of the selected region shown using 5° × 5° non-overlapping boxes to get insight on
its distribution as a function of longitude, 10° < l < 95° and latitude, −25° < b < 25°,
in the HAWC field of view. Figure 6.14 displays the resulting significance, flux and error
in flux calculated, using the same profile likelihood approach for B : 3 − 9, within the
selected region.

As expected, the latitude profile peaks in the Galactic plane for all longitudes consid-
ered and the longitudinal profiles off plane are more or less flat for the latitudes consid-
ered. The longitudinal profile within the Galactic plane is displayed in Figure 6.15 which
illustrates a comparison to a scaled velocity-integrated CO intensity profile of the same
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FIGURE 6.14: Significance (upper panel), flux (middle panel) and error on flux (lower panel)
of Galactic plane through independent box integration. The flux (and error on the flux) is
given in Crab units.
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region extracted from Dame, Hartmann, and Thaddeus (2001). It is noted that the gamma-
ray flux, from both sources and diffuse emission from the Galactic plane, correlates with
the distribution of molecules.
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FIGURE 6.15: Comparison of the distribution of flux at 7 TeV along longitude to a scaled
velocity-integrated CO intensity profile of the same region extracted from Dame, Hartmann,
and Thaddeus (2001).

We can now make the following ‘back-of-the-envelope’ calculations for the CR energy
density, assuming that the extra ∼ 20% of our computed value for differential flux (cf.
Section 6.1.3) is due to diffuse emission. The energy density of CRs, WCR, assuming it
consists of relativistic protons is WCR = Lγτp, where Lγ is the gamma-ray luminosity and
τp is the characteristic cooling timescale from pp-interactions. Lγ is calculated through∫

EF (E)dE from 1 to 100 TeV, which, broadly, defines the functioning range of HAWC.
We assume a power-law spectrum for F (E), with index −2.5 and normalisation of 20% of
the integrated value from Figure 6.15. τp = 1/ f σppcnp, where np is the density of ambient
protons which is obtained by converting the CO integrated value from Figure 6.15 into
hydrogen column density using the constant ratio X. c is the speed of light, σpp is the
inelastic pp-interaction cross-section and f is the coefficient of inelasticity. On average,
a proton loses about half of its energy per interaction such that f = 0.5 (Aharonian,
2004). σpp is almost energy-independent for energies above 1 GeV and is taken to be
40 mb (Aharonian, 2004). These values evaluate to a CR energy density of about 3 ×
10−3 eV/cm3 as being responsible for diffuse emission which is of the same order of
magnitude (∼ 1.10−3 eV/cm3) as the sea of galactic cosmic rays above 10 TeV (Gabici,
Aharonian, and Casanova, 2009).
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6.4 Summary

We presented the mathematical formalism for significance and flux computation through
the profile likelihood approach. After assessing the credibility of the resulting maps, we
performed a blind search for large-scale structures in the HAWC sky map. A ROI, cen-
tered about galactic longitude ∼ 33°, with significance up to 5.30σ was observed in the 16°
significance map, for which candidate sources were discussed by comparing to data from
CO survey, radio and X-ray maps. The differential flux of some gamma-ray sources were
computed through the aforementioned approach and compared to previously published
literature.
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7
Modelling and Search of the Fermi
Bubbles

In this chapter, we first provide a literature review of the Fermi bubbles, briefly introduced
in Section 1.6, covering a brief summary of the different physical quantities that have
been measured, inferred or remain unknown, and the potential source(s) ‘blowing’ the
bubbles. We compare the structures seen in multiwavelength sky maps that might be
associated with the Fermi bubbles, contrast against multimessenger searches and what is
observed in other galaxies to constrain the gamma-ray emission mechanism(s). Thereon,
we derive templates that describe the northern Fermi bubble (and its base), which are
subsequently used to search for an emission signal at very high energies with HAWC.

7.1 Introduction to the Fermi Bubbles

The quest for the Fermi bubbles is fairly recent and was instantiated as a search for coun-
terpart gamma-ray signals to what has previously been observed at other wavelengths,
more specifically, at radio, X-ray, IR and microwave energies. As depicted in Figure 7.1(B),
the ROSAT all-sky survey, at 1.5 keV, revealed a biconical structure over the inner re-
gion of b = ±10° about the Galactic centre (Snowden et al., 1997). Moreover, the map
displays the NPS and Loop I (Haslam et al., 1982) which are features, believed to orig-
inate from the same source as the Fermi bubbles, also observed in the 408 MHz radio
continuum map, shown in Figure 7.1(A), since the early 1980’s. Observations from the
Midcourse Space Experiment, at 8 microns, together with data from Infrared Astronomical
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(A) Radio continuum survey using Jo-
drell Bank MkI, Bonn, Parkes, Jodrell Bank
MkIA: 408 MHz (Haslam et al., 1982; Re-
mazeilles et al., 2015)

(B) Diffuse X-ray background map from
ROSAT 1.5 keV (Snowden et al., 1997)

(C) Microwave emission seen with Planck
(30 - 857) GHz after known contributions
were subtracted. Image copyright: ESA,
Planck Collaboration (Planck Collabora-
tion et al., 2014; Finkbeiner, Langston, and
Minter, 2004)

(D) Fermi-LAT (1 - 10) GeV residual map
showing the Fermi bubbles (Su, Slatyer,
and Finkbeiner, 2010). Image from
NASA/DOE.

(E) S-PASS polarisation by Parkes dish: 2.3
GHz (Carretti et al., 2013)

(F) Neutrino search with ICECUBE show-
ing 1σ shower events and outline of Fermi
bubbles region on the sky (Sherf, Keshet,
and Gurwich, 2017)

FIGURE 7.1: Multimessenger and multiwavelength whole sky maps of or searches for the
Fermi bubbles and potential associated structures.

Satellite (IRAS), at (12 − 100) microns, corroborated the existence of a bipolar structure
(Law, 2010) on smaller scales of b = ±2°. Finkbeiner (2004) found the microwave haze by
removing signals originating from various known emission mechanisms such as soft syn-
chrotron (Haslam et al., 1982), Galactic Hα (Finkbeiner, 2003), and thermal dust emission
(Finkbeiner, Langston, and Minter, 2004). Figure 7.1(C) depicts the microwave haze, from
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Planck at (30 - 857) GHz, reaching up to at least b = ±30°. While it is hypothesised that
the haze originates from synchrotron emission, the 7-year WMAP results did not detect
the predicted haze polarisation. This might be indicative of either a different emission
mechanism or the presence of densely tangled magnetic fields.

Figure 7.1(D) displays the Fermi-LAT (1 - 10) GeV map (Su, Slatyer, and Finkbeiner,
2010; Dobler et al., 2010) which exhibits the gamma-ray lobes of interest. Fermi-LAT Col-
laboration et al. (2014b) performed a detailed spectral and morphological study of the
bilobular structure for |b| > 10°, the conclusion of which was that the surface brightness
is roughly uniform, the total luminosity is 4.4+2.4

−0.9 × 1037 erg/s and the spectrum is well-
described by an exponential cut-off power-law with index 1.9 ± 0.2 and a cut-off energy
of 110 ± 50 GeV. Other observed features and their implications are discussed in the fol-
lowing sections. Interestingly, both leptonic and hadronic gamma-ray emission models
fit the Fermi-LAT data, which sparked the search for counterpart signals though multi-
messenger astronomy. Figure 7.1(E) depicts the S-PASS polarisation by Parkes dish at 2.3
GHz (Carretti et al., 2013), where the authors claim the detection of two linearly polarised
radio lobes that bear close correspondence to the Fermi bubbles. Neutrinos can assist in
recognising the dominant gamma-ray emission mechanism, as introduced in Section 1.5,
with neutrinos expected in the hadronic scenario and but not in the leptonic scenario.
Therefore, ICECUBE performed neutrino searches over the Fermi bubble region, as il-
lustrated in Figure 7.1(F). However, the results are inconclusive as neutrino signals are
difficult to detect with high accuracy (Sherf, Keshet, and Gurwich, 2017).

In the past decade, the Fermi bubbles have been the subject of several studies. We now
describe some physical quantities associated with the Fermi bubbles that have, since its
discovery in 2010, been measured, inferred or remain unknown.

7.1.1 Observed Features

The Fermi bubbles are gamma-ray structures that appear to be emanating from the cen-
tral part of the Milky Way galaxy. They are gigantic in size, extending up to 55° (≡ 8 kpc)
above and below the Galactic plane, with a width of about 40°, as illustrated in Figure 7.2.
The bubbles have relatively sharp edges that match the features seen in the ROSAT X-ray
maps (Su, Slatyer, and Finkbeiner, 2010; Casandjian, 2015). A study by Ponti et al. (2019)
revealed two X-ray emitting features, which they called chimneys, that extend north and
south of the Galactic plane for hundreds of parsecs. Lastly, the Fermi bubbles demon-
strate asymmetry through a slight bend westward (Crocker et al., 2015) and also with the
southern bubble being ∼ 5° bigger than the northern one (Sarkar, 2019).

There are additional measurements that can may provide some insights in deciphering
the properties of the Fermi bubbles:
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FIGURE 7.2: Schematic of Fermi bubbles depicting location, size and potential associated
structures: North polar spur, Loop I, X-ray chimney (zoom-in view over the inner 200 pc),
and microwave haze.

1. Velocity: Karim et al. (2018) used UV absorption line spectra from the Cosmic Ori-
gins Spectrograph (COS) on the Hubble Space Telescope to measure velocities of
clouds within the southern bubble which provide the Galactic baryonic flow rate.

2. Magnetic field: a measure of the Zeeman splitting of radio/maser lines in the in-
terstellar gas enables the study of galactic magnetic fields which, in turn, allows us
to understand or predict particle motion and certain associated processes Kronberg
(1994).

3. Lobes in other galaxies: Observation of lobes from other galaxies can assist in un-
derstanding what is happening in our own galaxy. X-ray and radio lobes have been
detected in NGC 3079, M82, M31 and Hydra-a through data from Chandra, Spitzer,
Herschel, XMM-Newton and the Hubble Space Telescope (cf. Figure E.1 in Ap-
pendix E).

7.1.2 Derived Properties

Based on the observed features, further quantities can be constrained, for instance, since
the bubbles emit high energy gamma-ray photons, it implies non-thermal processes are
at work. The striking resemblance in morphology of several features displayed in Fig-
ure 7.1 indicates the possibility of a common physical origin. The cavity in ROSAT X-ray
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measurements suggest that the bubbles are hot (∼ 107 K) and underdense regions, i.e.
have lower gas density than the ambient ISM. This further implies that the bubbles might
experience a buoyant force that drives their contents away from the GC (Su, Slatyer, and
Finkbeiner, 2010). The sharp edges indicate that the Fermi bubbles were initiated from
substantial energy and mass input either through episodic events or a quasi-continuous
injection (Ponti et al., 2019). However, since the bubbles are neither limb brightened nor
centrally brightened, a non-trivial emissivity distribution is required to produce the ob-
served projected flat intensity distribution. We discuss the energetics which are depen-
dent on the gamma-ray emission mechanism in the following paragraphs. The east-west
asymmetry seen in the Fermi bubbles is also seen in the NPS and Loop I which is an
indication of an enhanced density towards the east (Sarkar, 2019). Finally, the bubbles
are likely shaped by the galactic magnetic fields (Kronberg, 1994; Aharonian et al., 2008;
Crocker and Aharonian, 2011).

7.1.3 Unknown Parameters

In the past decade, the Fermi bubbles have been the subject of several studies and yet,
the source, age and dominant gamma-ray emission mechanism remain unknown. These
three physical characteristics are interconnected through the energetics driving the enig-
matic, gigantic structure. The age cannot be measured and its estimate strongly depends
on the processes occurring within. Moreover, the bubbles range over hundreds of par-
secs close to the Galactic plane making it impossible to single out a source. Therefore, for
any further perception, we rely on understanding the gamma-ray emission mechanism
at work. The hadronic and leptonic channels are the most popular gamma-ray emission
mechanisms considered for the Fermi bubbles, either of which can partially account for
the observed features but none of them can singly justify all of the observed features. We
summarise below the features that the two gamma-ray emission mechanisms can justify,
the associated energetics, age and most likely candidate source for the Fermi bubbles.

Leptonic Driven Scenario

Candidate source: Past AGN activity injecting a population of CR electrons into the Fermi
bubbles with a power comparable to the Eddington luminosity ∼ 5 × 1044 erg/s (Fermi-
LAT Collaboration et al., 2014b; Crocker et al., 2015).

The observed gamma-rays result from the IC scattering of interstellar radiation field
(ISRF) photons by the CR electrons. The same population of electrons, in a magnetic
field approaching 10 µG, can produce synchrotron radiation which is then seen as the
microwave haze. Synchrotron and IC cooling of the electrons would explain a cut-off in
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the observed spectrum (Mertsch and Sarkar, 2011; Yang and Ruszkowski, 2017, cf. Sec-
tions 1.5.2 and 1.5.3).

Age: ∼ 106 − 107 years (Guo and Mathews, 2012; Crocker et al., 2015).

Caveats:

1. Electron cooling timescales are short implying that they will not reach to the top
part of the bubbles even with convection velocity as high as 1 000 km/s. Mertsch
and Sarkar (2011) proposed stochastic acceleration of the electrons in magnetised
medium (cf. Section 1.4). This, however, lowers the energy input requirements
associated with this scenario;

2. ISRF constitutes predominantly of star light at low latitudes, CMB at high latitudes
and IR at intermediate latitudes (Yang and Ruszkowski, 2017). Thus, a spatially
uniform spectrum is not plausible;

3. This scenario does not account for radio lobes observed with S-PASS (Carretti et al.,
2013).

Hadronic Driven Scenario

Candidate source: Sustained star formation activity from CMZ which generates galactic
winds that transport a population of CR protons (and heavier nuclei) into the Fermi bub-
bles with a power ∼ 5 × 1040 erg/s (Fermi-LAT Collaboration et al., 2014b; Crocker et al.,
2015).

The observed gamma-rays are due to neutral pion decay which are themselves produced
via pp-interaction, i.e. interaction between CR protons and ambient gas (cf. Section 1.5.4).
The power from nuclear star formation matches the gamma-ray luminosity of the steady
state bubbles. pp-interactions also release a secondary population of electrons which
would explain the observed radio plumes (Carretti et al., 2013).

Age: > 1010 years (Crocker and Aharonian, 2011; Crocker et al., 2015).

Caveats:

1. The observed gamma-ray emission depends on the product of the two proton pop-
ulation densities. Since the Fermi bubbles are underdense regions, the emission can
only be bright if the CR proton density compensates for the reduced gas density.
In other words, protons need to be trapped for sufficient timescales ∼ 108 years
(Crocker et al., 2015);

2. Given that the population of secondary electrons undergoes IC and synchrotron
cooling, they cannot account for the microwave haze. There is an inherent need for
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a population of primary electrons to produce the emission seen from the microwave
haze;

3. The hadronic model per se cannot account for the sharp edges of the Fermi bubbles.
These might be originating from trapped electrons and protons behind shock fronts.

7.2 Characterising the Fermi Bubbles at GeV Energies

A search of VHE gamma-ray signal from the north Fermi bubble with HAWC was pre-
sented by HAWC Collaboration et al. (2017d). With just 290 days of data, no significant
excess was observed from the region corresponding to the north Fermi bubble and differ-
ential upper limits above 1 TeV were computed. We perform another search in a similar
region, with 800 days of HAWC data, new sets of gamma/hadron cuts, a more appropri-
ate background model, and a different approach for computing the signal likelihood of
the nHit bins towards significance calculation.

Although initial reports have claimed a sharp cut-off in the spectrum of the Fermi
bubbles and a flat projected brightness distribution (Su, Slatyer, and Finkbeiner, 2010;
Fermi-LAT Collaboration et al., 2014b), we show that there is a gradient in the surface
brightness profile of the bubbles. A recent study by Herold and Malyshev (2019) provides
evidence of harder and brighter gamma-ray emission coming from the base of the bubble
which fits a power-law spectrum without cut-off. Whether this emission originates from
the Fermi bubbles or contributions unaccounted for in the diffuse emission model they
use, or the GC excess, is debatable (Goodenough and Hooper, 2009; Vitale and Morselli,
2009; Fermi LAT Collaboration et al., 2017). Nevertheless, we use the profile likelihood
approach introduced in Chapter 6 to search for VHE gamma-ray signals from the low-
latitude north Fermi bubble region (b < 10°).

The Fermi bubble excess is expected to be faint and distributed over a fairly extended
region. Therefore, we implement a uniform and a weighted spatial template for the two
aforementioned search regions. The uniform template for the north Fermi bubble is the
same one used for masking in Chapter 5, obtained from Fermi Tools and truncated at
latitude 10°, as illustrated in Figure 7.3. In the following sections, we describe how we
derive the uniform template for the base for the north Fermi bubble and the weighted
spatial template for both regions.
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7.2.1 Deriving Uniform Spatial Template for the Base of the Northern

Fermi Bubble

As mentioned in Section 1.2.3, the sensitivity of HAWC is dependent on declination and,
unfortunately, the base of the north Fermi bubble is at the edge of the HAWC field of view,
where sensitivity is minimal. We therefore select a region which most likely contains
the signal for the prominent part of the emission. We define a four-sided search region,
henceforth referred to as the wedge, as illustrated in Figure 7.3 through the following
functions:

1. b = 10°: The region below this line is typically referred to as the base of the Fermi
bubble.

2. b = 3°: A study by Jardin-Blicq (2019) showed that most of Galactic plane emission
in HAWC data are contained within a galactic latitude of ±3°.

3. δ = −25°: Declination limit for HAWC field of view.

4. b = 10.5(cosh( l−1
10.5) − 1): This function was put forward by Casandjian (2015) as

they compared the Fermi-LAT data to the X-ray edges.

FIGURE 7.3: Description of search regions, illustrating the north Fermi bubble and wedge,
and the base of the northern Fermi bubble.
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7.2.2 Modelling Weighted Spatial Template through Lon-Lat Surface

Brightness Profiles

Since the Fermi bubbles are highly extended structures, we want to define a template that
surrounds the edge of the Fermi bubbles that also accounts for the expected number of
counts from different parts within the said region. We make use of the publicly available
data1 associated with the paper “The Fermi Galactic Center GeV Excess and Implications for
Dark Matter” by Fermi LAT Collaboration et al. (2017), which includes a residual counts
map and its corresponding exposure map. The residual map has counts from the central
part of the sky map with point sources masked out and consists primarily of the Fermi
bubbles, IC emission, isotropic background and Loop I. The exposure map consists of the
expected counts from a source with respect to the amount of time that the source spent in
the field of view of the LAT instrument (cf. Section 1.2.2).

FIGURE 7.4: The leftmost component is part of a significance map, depicting the Fermi bub-
bles. The map at the centre is the residual counts map from Fermi-LAT, while the compo-
nents on the right illustrate the regions for profile extraction (top for latitude and bottom
for longitude).

We select longitude and latitude regions, as illustrated in Figure 7.4, on the exposure
corrected residual map to extract corresponding surface brightness profiles. For latitude
profile where b > 10°, displayed in the right panel of Figure 7.5, we essentially sum
the exposure corrected counts every 2° and divide it by the solid angle that it occupies.
Contrary to the Fermi-LAT Collaboration et al. (2014b) result where it was concluded that
the brightness is constant over the entire bubble volume, we find that there is a latitude

1https://www-glast.stanford.edu/pub_data/1220/GCexcess_Pass8_1704.03910_data/

https://www-glast.stanford.edu/pub_data/1220/GCexcess_Pass8_1704.03910_data/
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dependence in the surface brightness profile. Since we do not have the original counts
map but a modified residual one, we compute the standard error, i.e. root-mean-square
of fluctuations about the average value, which we associate to each value extracted from
the 2° strip. We choose to apply a simple linear fit, f = −8.7 × 10−10b + 6.6 × 10−8, to the
distribution, which can be eventually improved upon if required.

We repeat the profile extraction and error computation for the two longitude strips
illustrated in Figure 7.4. However, since the latitude dependence is expected to be the
dominant one, we average the longitude strips and fit with a top hat function as depicted
in the left panel of Figure 7.5. The top hat fit was achieved using rectangle function in
LMFit which involves the combination of two Heaviside step functions of same amplitude
4.3 × 10−8 but distinct centres l = −21° and l = 17°. From the data points, we perceive
the asymmetry in the bubble with a bend to the west. Here, once more, the fit is not
physically motivated but constitutes a simplified starting point which can be improved
upon if required.
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FIGURE 7.5: Longitude and latitude surface brightness profiles for the north Fermi bubble.

We proceed by convolving the longitude and latitude surface brightness profiles and
projecting it back to the Fermi bubble region so as to retrieve a counts map analogous
to the residual map with which we started. We can verify the validity of the simplistic
fits we made on the profiles by generating a difference map. This map is created by
subtracting the counts map from the residual Fermi-LAT map. For visualisation purposes,
we apply a 10° smoothing, i.e. we integrate the counts in a 10° radius for every pixel of
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both the residual Fermi-LAT map and the difference map as depicted in Figure 7.6. From
the difference map, it is evident that our simplistic fits are adequate as they conveniently
describe the north Fermi bubble which could be excised. Now that we have a valid model
for expected counts from different parts of the north Fermi bubble, we normalise the sum
of counts in the bubble to create a weighted spatial template of it.

FIGURE 7.6: Spatial template evaluation. The left panel shows the residual counts map from
Fermi-LAT smoothed with a 10° integration radius and the right panel shows a map with
same smoothing after subtraction of the modelled counts from the north Fermi bubble re-
gion.

We wish to have a weighted spatial template for the wedge as well, so we, once again,
apply the latitude profile extraction procedure for b < 10° using 1° strips. We apply a
linear fit and the result is plotted in Figure 7.7. From the data, it is evident that there is
brighter emission from the base of the bubble. In principle, there should be a continuous
function to describe the surface brightness profile over the entire Fermi bubble, however,
we choose to work with two distinct fits. The blue points, b > 10°, indicate the north Fermi
bubble and the red points, b < 10°, correspond to the wedge which is representative of
emission expected from the base of the north Fermi bubble, i.e. including contributions
other than the bubble, for instance, diffuse emission. Using the fit f = −1.6 × 10−8b +
2.2 × 10−7 in latitude and the same top hat fit in longitude as for b > 10°, we create a
weighted spatial template for the wedge.
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FIGURE 7.7: Latitude surface brightness profile comparison between the wedge and the
north Fermi bubble. The linear fits with the corresponding gradients (m) and y-intercepts
(c) used for the two regions are shown.

7.3 Model Independent Flux Limits

Using the profile likelihood approach described in Chapter 6, we search for an excess
signal within the four aforementioned spatial templates. However, instead of integrating
in a circle of set radius for each pixel, we integrate over the entire search region. We
compare our results for the base of the Fermi bubbles to those from Herold and Malyshev
(2019) which are also for the base of the Fermi bubbles but not exactly the same as the
wedge. Figure 7.8 illustrates the different regions, to scale, whose fluxes are compared.

No significant excess seen in any of the four cases. We therefore compute upper limits
with 95% confidence level as detailed in Section 6.1.3. Figure E.2 in Appendix E depicts
the difference in flux upper limits between 68% and 95% confidence levels. In our ap-
proach of flux calculation, the latter depends on the exposure which, in turn, depends
on the assumed source spectral index α. We compute integral flux limits, as was imple-
mented in Section 6.2. Figure E.3, in Appendix E, illustrates the different spectral indices
used to derive the integral flux limit.

Figure 7.9 displays the computed upper limit for the wedge as compared to regions
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FIGURE 7.8: Description of regions at the base of the Fermi bubble.
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FIGURE 7.9: Integral flux upper limit on the wedge as compared to regions A and B.
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A and B from Herold and Malyshev (2019). Between 1 − 100 TeV, the flux is expected
to be below 1.42 × 10−5 − 5.00 × 10−8 GeV cm−2 s−1 sr−1. Figure 7.10 depicts the inte-
gral flux upper limits for the (b > 10°) north Fermi bubble as compared to a previous
study from HAWC (HAWC Collaboration et al., 2017d) and the Fermi-LAT data (Fermi-
LAT Collaboration et al., 2014b). Between 1 − 100 TeV, the flux is expected to be below
6.31× 10−7 − 8.64× 10−9 GeV cm−2 s−1 sr−1. These integral flux upper limits are, by con-
struction, more constraining than the previous limits reported by HAWC. In both cases,
i.e. the entire bubble and wedge regions, both the uniform and weighted templates pro-
vide almost the same integral flux upper limits.
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FIGURE 7.10: Integral flux upper limit on the north Fermi bubble compared to a previous
HAWC study.

Figure 7.11 illustrates the observed spectrum and integral flux upper limits of the
north Fermi bubble and wedge. Although we expected more emission from the wedge,
we have higher flux limit than for the b > 10° north Fermi bubble. This is due to the
substantial decline in HAWC sensitivity at low declinations. We fit an exponential cut-
off power-law such that it would satisfy both the Fermi-LAT observations (Fermi-LAT
Collaboration et al., 2014b) and (barely) our integral flux upper limit. From this fit, the
slope Γ is −2.25 and the cut-off energy occurs at 3.6 TeV. Hence, in a leptonic scenario for
gamma-ray emission, we expect electrons with cut-off energy ∼ 21 TeV from the north
Fermi bubble. From Kappes et al. (2007), where the spectrum of neutrinos was considered:
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)
, (7.1)

where ϵν ≈ 0.59ϵγ ≈ ϵp/40. Therefore, in a hadronic scenario, we expect a proton cut-off
at energy ∼ 85 TeV.
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FIGURE 7.11: Flux Upper limit comparison between north Fermi bubble and wedge. Prob-
able proton high-energy cut-off model, extending to TeV energies, is shown.

To grasp the implications of this high-energy proton cut-off, we plot, in Figure 7.12,
the acceleration timescale for second order Fermi acceleration of interacting magneto-
hydrodynamic (MHD) turbulence with Alfvén waves and the escape timescale through
diffusion in the Kolmogorov limit. The rate (1/τ) of these processes are energy depen-
dent:

dlnE
dτacc

= β2
Aη

(
rg

λmax

)q−2(
c

λmax

)
, (7.2)

dlnE
dτesc

= η

(
rg

λmax

)2−q(
λmaxβc

L

)
, (7.3)

where βA is the Alfvén wave velocity relative to c, η is the ratio of turbulent to mean
magnetic field (assumed here to be 0.1) and λmax is the maximum Alfvén wavelength,
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typically taken to be (1 − 10)% of the system size L. A more detailed description of these
timescales can be found in Schlickeiser (2002). q is the index of MHD turbulence and is
5/3 in the Kolmogorov regime. rg is the gyration radius, which is obtained by equating
the centripetal force experienced by a charged particle undergoing circular motion in a
magnetic field to its Lorentz force:

rg = 33.36 km
(

p
GeV/c

)(
1
Z

)(
G
B

)
. (7.4)

For this phase-space plot, we varied two parameters: density and magnetic field. We find
that a maximum density of 10−2 cm−3 and a minimum magnetic field of 7 µG satisfy the
hadronic upper limit where protons accelerated up to ∼ 85 TeV are confined and undergo
pp-interaction while those accelerated above ∼ 85 TeV escape the bubble. Densities above
10−2 cm−3 would conflict with pp losses. This density and magnetic field are also in
agreement with other studies, for instance, Fujita, Ohira, and Yamazaki (2014) and Fermi-
LAT Collaboration et al. (2014a).
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FIGURE 7.12: Interaction timescales of Fermi second order acceleration and escape through
Kolmogorov diffusion.

Substituting a magnetic field of 7µG and the aforementioned proton cut-off energy,
we estimate a gyration radius of ∼ 2 × 1010 km. Moreover, using equation (1.19), we
estimate the size of the source region for the VHE particle to be ∼ 85 pc. The magnetic
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energy density, as introduced in Section 1.5.2, is estimated to be ∼ 1.2 eV/cm3. The mean
Alfvén wave velocity is ∼ 153 km/s, which lies in the range of values for high velocity
clouds observed in the southern Fermi bubble in Karim et al. (2018).

7.4 Summary

The Fermi bubbles are few kpc-scale structures emanating from the central region of our
galaxy. The physical mechanisms that source the bubbles and produce the observed spec-
trum are still unknown. Two of the leading gamma-ray production mechanisms involve
leptonic or hadronic scenarios, both of which fit the hard gamma-ray spectrum observed
and energetics involved but none of them alone can explain all of the observed features
and the associated substructures. We perform a template-based search for TeV signals
from the northern Fermi bubble and just from the base of it. A template search is better
suited for such an extended but faint source as different parts of the search region are
weighted according to their contribution to the overall signal, thereby integrating over
less noise. Yet, no significant excess was observed and integral upper limits at 95% confi-
dence level were computed. This is due to the substantial decline in HAWC sensitivity at
low declinations. With the advent of the Southern Wide-Field Gamma-Ray Observatory
(SWGO), both Fermi bubbles would be in its field of view. Moreover, with a novel detec-
tor design that optimises gamma/hadron discrimination and higher sensitivity, SWGO is
better suited to elucidate the mysteries surrounding the Fermi bubbles.

Our integral flux upper limits for the north Fermi bubble are more constraining than
the previous limits reported by HAWC while those for the wedge provide a more fair
comparison to Fermi-LAT data points from the base of the bubble. Between 1 − 100 TeV,
the flux is expected to be below 6.31× 10−7 − 8.64× 10−9 GeV cm−2 s−1 sr−1 for the north
Fermi bubble and 1.42 × 10−5 − 5.00 × 10−8 GeV cm−2 s−1 sr−1 for the wedge region. For
the north Fermi bubble, we present a hadronic model with proton cut-off energy at 85
TeV that fits the Fermi-LAT data and conforms to our flux limits. This fit is a power-law
with index −2.25 and cut-off at 3.6 TeV. Using the high-energy proton cut-off, we further
constrain the density and magnetic field of the bubble to be ∼ 10−2 cm−3 and ∼ 7 µG.
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8
Summary, Conclusions and Outlook

Key aspects of doctoral work

The essence of this doctoral thesis constitutes cutting edge research in the development
and application of sophisticated data analysis and simulation tools to optimise the sci-
entific returns from the HAWC gamma-ray observatory. The latter has produced some
interesting results using its first year of data. With its wide field of view, it is currently
a unique detector to study extended sources (> 2°) at energies above a few TeV. One of
the largest structures in the gamma-ray sky are the Fermi bubbles, extending to the North
and South about the milky way centre. At energies around 1 TeV and above, the HAWC
observatory is in a unique and privileged position to observe and constrain the flux of
such large-scale structures. This inevitably entails an adequate modelling of the bubbles,
improving the gamma/hadron separation of the HAWC observatory with a focus on the
low energies and further improving on the background estimation of HAWC.

The salient aspects of my research are summarised as follows:

• Development of reconstruction tools to improve gamma/hadron separation for
HAWC or HAWC-like detectors;

• Modelling of an exposure map for the HAWC observatory;

• Development of a novel background estimation method for wide field of view sur-
vey instruments;

• Search for large-scale structures at very high (TeV) energies, in particular the Fermi
bubbles.
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Improving Gamma/Hadron Separation

When a high-energy photon enters a medium, it pair produces in the vicinity of nuclei of
the medium, with the resulting particles emitting bremsstrahlung radiation which is still
of sufficiently high energy to pair produce. This process develops a cascade of particles
that emit Cherenkov radiation, which subsequently triggers our instrument. However,
our instrument also responds to the cascade of particles produced when a cosmic ray
particle enters the medium. While the gamma-ray primary is indicative of its source re-
gion, the cosmic ray primary comes from every direction as they are charged particles
that have undergone some deflection in space magnetic fields. Identification and rejec-
tion of such background events is paramount. We developed a method which uses the
relevant observables, such as the charge at the PMTs and the lateral spread of the trig-
gered PMTs, to define a discriminator between gamma and hadronic primaries. Our
novel discriminator separates gamma-induced showers from hadron-induced showers,
and is complementary to the existing gamma/hadron separators, while being indepen-
dent of core reconstruction. The approach requires a gamma-likelihood table drawn from
PMT responses which may also be employed to improve the MC simulations to more
accurately emulate actual observations.

Background Modelling

Despite applying multiple discrimination parameters, gamma-like events are still over-
whelmed by hadron-induced events, which can be thought of as the tail of a hadron-like
event distribution. Therefore, it is essential to quantify this tail and remove it by estimat-
ing the background. We model the background through a new approach whereby we
use the prime ratio of gamma-like to hadron-like event distributions to parameterise the
background in right ascension and declination. Our new improved approach for back-
ground estimation, in contrast to the current background estimation technique employed
in HAWC, results in faster computations, exploits all statistics available and accounts for
the cosmic-ray anisotropy. By exploiting the detector response of HAWC and its livetime
for the period during which the data is being recorded, we further modelled the exposure
of the instrument so that we can compute the expected counts from any region of the sky
within the HAWC field of view.

Unbiased Search for Large-Scale Structures

We obtained a map of excess counts by computing the difference between the gamma-
like event map and the modelled background. Those excesses are potential gamma-ray
source regions in the gamma-ray sky. The significance of excess counts from each region
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and the corresponding flux are computed by maximising the likelihood ratio of having
background counts only to that with the presence of a source. Using the new background
model, we performed a blind search for large-scale structures in the HAWC sky map
at different angular scales and observed several exciting and intriguing regions. This is
the first application of the profile likelihood approach to HAWC data analysis, which al-
lows the combination of data from different shower sizes while consistently accounting
for their relative contributions. Within this framework, we also model the background
as a nuisance parameter, such that the optimisation routine first computes the correct
background, based on statistics available, and subsequently performs the likelihood max-
imisation. A particular region of interest, with significance up to 5.30σ was seen in 16°
significance maps. We discussed potential candidate sources, which could be a TeV halo
associated with a pulsar, molecular clouds or a galactic outflow, by comparing our results
to data from CO survey, radio and X-ray maps.

Modelling and Search of the Fermi Bubbles at TeV Energies

The Fermi bubbles are kpc-scale structures emanating from the central region of our galaxy,
which have been detected with Fermi-LAT gamma-ray instrument in the GeV energy
range so far. The physical mechanisms that source the bubbles and produce the observed
spectrum are still unknown. Two of the leading gamma-ray production mechanisms in-
volve leptonic or hadronic scenarios, both of which fit the hard gamma-ray spectrum
observed and energetics involved but none of them alone can explain all of the observed
features and the associated structures.

A template search is better suited for such an extended but faint source as different
parts of the search region are weighted according to their contribution to the overall sig-
nal, thereby integrating over less noise. We create the template based on surface bright-
ness profiling from Fermi-LAT data. We make use of the optimised set of gamma/hadron
separators available together with the new background and exposure maps in a profile
likelihood approach for parameter estimation, which is consequently used for signifi-
cance computation, to search for signals from the northern Fermi bubble at TeV energies.
We compare our results from the weighted template to ones we calculate using a uniform
template. Moreover, since we expect more signals from the base of the bubble, we also
compute flux calculations for a wedge region at low latitudes.

Our searches did not yield significant detections, and hence, we provide integral flux
upper limits, at 95% confidence level, for the north Fermi bubble and wedge regions.
Between 1 − 100 TeV, the flux is expected to be below 6.31 × 10−7 − 8.64 × 10−9 GeV
cm−2 s−1 sr−1 for the north Fermi bubble and 1.42 × 10−5 − 5.00 × 10−8 GeV cm−2 s−1

sr−1 for the wedge region. These upper limits are the best constraints available for the
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FIGURE 8.1: Sensitivity and sky coverage of SWGO. Left panel: Variation of differential
point-source sensitivity with energy for the SWGO detector compared to other current or
future instruments. Right panel: Sky coverage of SWGO, depicted in Galactic coordinates,
overlaid on a significance map from HAWC that contains several sources. Figure from
SWGO Collaboration et al. (2019).

integral flux at TeV energies. For the north Fermi bubble, we present a hadronic model
with proton cut-off energy at 85 TeV that fits the Fermi-LAT data and conforms to our flux
limits. This fit is a power-law with index −2.25 and cut-off at 3.6 TeV. The wedge region is
at the edge of the HAWC field of view, such that the decline in sensitivity would justify the
absence of the expected bright signals. However, the upper limits for the wedge region
provide a more fair constraint of the flux expected from the base of the Fermi bubbles.

Outlook

With more data of higher quality from upcoming gamma-ray observatories, as outlined
below, we can attempt another search for signals from both Fermi bubbles using our im-
proved gamma/hadron separation technique and the novel background estimation algo-
rithm. A proper understanding of the mechanisms driving the emission seen from the
Fermi bubbles will constrain the source of the emission, thereby providing information
on the activities in the GC region, i.e. the central molecular zone or Sagittarius A∗.

Southern Wide-Field Gamma-Ray Observatory

As an instrument of wide field of view, HAWC is well-suited to make a survey of gamma-
ray emission. A similar instrument is desirable for the southern sky as the GC and inner
Galaxy is fully visible only from the southern hemisphere. The southern sky detector,
driven by adequate detector design and optimisation, together with accurate modelling,
will be in a prime position to survey the gamma-ray sky with high sensitivity.
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The Southern Wide-Field Gamma-Ray Observatory (SWGO, SGSO Collaboration et
al., 2019; SWGO Collaboration et al., 2019) is a next-generation project for the Southern
Hemisphere, with unprecedented sensitivity to the VHE band (from below 1 TeV to be-
yond 100 TeV) and wide-field of view coverage of a significant fraction of the southern
sky. It is anticipated to be fully operating in 2026, with large (∼100%) duty cycle, and
will subsequently provide a complementary view to both current and future gamma-ray
observatories, such as HAWC (HAWC Collaboration et al., 2013) and CTA (Cherenkov
Telescope Array Consortium et al., 2019), respectively.

The overall key science goals of SWGO are centered around unveiling the nature, dy-
namics and physical mechanisms of extreme astrophysical phenomena and sources, and
investigating the possibility of new physics beyond the Standard Model, and are, there-
fore, similar to those of HAWC. In comparison to the latter, SWGO will possess a higher
sensitivity and will potentially observe both the North and South Fermi bubbles, as il-
lustrated in Figure 8.1. As such, the work presented in this thesis, in particular the gam-
ma/hadron separation, background and exposure modelling, profile likelihood approach
and template weighting for the Fermi bubbles, will be extremely relevant to SWGO and
will undoubtedly contribute in exploiting the immense potential of such an observatory.
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A
Supplementary to Non-thermal
Astrophysics and Ground-based Particle
Detection Techniques

As supplementary material, we provide a review of the Crab nebula as it is often used to
calibrate both computations and measurements. We also summarise some other gamma-
ray sources such as Geminga, Markarian 421 and Markarian 501.

Gamma-ray Sources

The Crab Nebula

The Crab nebula is the remnant of the SN explosion that occurred in 1054 AD and re-
ported by Chinese, Japanese, Middle Eastern, and Native American astronomers. The
light show from the explosion was seen even in daylight for weeks and at night for al-
most two years before fading away. In 1731, an English astronomer, John Bevis, located
the remnant in the constellation of Taurus and so, the Crab nebula became the first object
in the Messier catalog of nebulae and star clusters. Historically, William Parsons, in 1850,
named the Crab nebula and Lundmark (1921) and Hubble (1928) proposed that it was
associated with the SN explosion of 1054. However, it was not until 1941, that the Crab
nebula was unambiguously established as the remnant of the SN 1054.
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The Crab nebula is located at a distance of approximately 2 kpc from Earth or ∼ 6500
light-years at an equatorial right ascension of 83.64° and declination of 22.01°. Figure A.1
illustrates the Crab nebula as seen at different wavelengths, which shows that the nebula
consists of a pulsar and a pulsar wind nebula. It was first seen at TeV energies by Whipple
(Weekes et al., 1989) and for a recent study by HAWC for observations above 100 TeV, we
suggest the reader to HAWC Collaboration et al. (2019). While the Crab nebula occasion-
ally flares in the gamma-ray energy regime, over the course of months, it is regarded as
quiescent and consequently is often used to cross-calibrate TeV instruments. The nebula
is approximately 11 light-years in diameter. This is much smaller than the point spread
function (PSF) of most ground-based TeV instruments, further justifying its use in the cal-
ibration of the angular resolution of a detector. Until now, the morphology of the Crab
Nebula has only been resolved in radio, optical, and X-ray telescopes, up to photon en-
ergies of around 80 keV (Hester, 2008; Madsen et al., 2015). The H.E.S.S. collaboration
recently improved the telescope’s PSF description which enables resolving gamma-ray
source sizes below 1 arcminute (H.E.S.S. Collaboration et al., 2019b). The Crab unit is
sometimes used as unit for flux within this thesis and it corresponds to a spectrum with
spectral index 2.63 and normalisation factor 3.5e−11TeVcm−2s−1.

FIGURE A.1: The Crab nebula in different wavelengths. Image accessed and adapted from
https://www.cta-observatory.org/science/gamma-rays-cosmic-sources/.

The associated pulsar (PSR J0534+2200) has the following properties:1

1. The pulsar has a period of 33 ms;

2. The spin-down power is approximately 4.5 × 1038 erg s−1;

3. The age, τ ∼ 1 kyr.

The emission from the Crab nebula is sourced from the interactions of relativistic electrons
in the pulsar wind with the magnetic field present and the material ejecta from the SN
explosion. The energetic flow of electrons scatters lower energy synchrotron photons up

1Properties were taken from the gamma-ray catalog, TeVCat at http://tevcat.uchicago.edu/?mode=
1&showsrc=74 and the ATNF (Australia National Telescope Facility) pulsar catalogue at https://www.
atnf.csiro.au/research/pulsar/psrcat/ (Manchester et al., 2005).

https://www.cta-observatory.org/science/gamma-rays-cosmic-sources/
http://tevcat.uchicago.edu/?mode=1&showsrc=74
http://tevcat.uchicago.edu/?mode=1&showsrc=74
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://www.atnf.csiro.au/research/pulsar/psrcat/
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to TeV energies. The size of the synchrotron nebula varies as a function of energy, being
smaller when observed at higher frequencies. This is interpreted as an effect of cooling of
high-energy electrons.

Geminga

Geminga is a pulsar wind nebula, or TeV halo, located in the Gemini constellation, ap-
proximately 250 parsecs from Earth. Unlike the Crab nebula, Geminga is highly extended
with TeV emission up to 6° from its centre. We refer the interested reader to HAWC Col-
laboration et al. (2017b) for further details.

Markarian 421 and Markarian 501

First studied and described by Benjamin Markarian in 1963, the Markarian galaxies are
characterised by the presence of intense UV radiation. Markarian 421 is a blazar located
in the constellation of Ursa Major, between 122 Mpc and 133 Mpc from Earth. The spec-
trum of Mrk 421 extends well into the TeV range and is highly variable with intense and
intermittent flaring. Markarian 501 is also a blazar located in the constellation of Her-
cules. It is highly variable in the TeV range and is prone to flaring. For more details, we
refer the reader to the HAWC publication (HAWC Collaboration et al., 2017a).

Fermi-LAT

The Fermi-LAT telescope has four main subsystems, namely tracker, calorimeter, anticoin-
cidence detector (ACD), and data acquisition system (DAQ), which are reviewed below.

The tracker contains an array of tower modules, with each module consisting of al-
ternate layers of (silicon-strip) particle tracking detectors and (tungsten) converter foils.
The latter are capable of making precise measurements of the trajectories of the electron-
positron pair produced from the initial gamma-ray photon. The resulting pair conversion
signature is also used as indicator in rejecting the CR background.

Once a particle is absorbed, its energy is then measured by the calorimeter. The
calorimeter is built using cesium iodide since this material emits a flash of light with
intensity that is indicative of the particle’s energy. The calorimeter also contributes to
CR background rejection because the pattern of energy deposition of a CR particle differs
from that of a gamma-ray.

The role of the ACD, which encloses the tracker, is to identify the high-energy charged
CR particles which constitutes the dominant noise background. The ACD is constructed



158 Appendix A. Supplementary to Chapters 1 & 2

using specially formulated plastic scintillation tiles, where the light from every tile is col-
lected by wavelength shifting fibers connected to two PMTs. The motion of a charged CR
particle through the tiles produces a flash of light, whilst a gamma-ray photon being elec-
trically neutral proceeds through without any interaction and does not yield any signal.
This is the key feature employed to distinguish CR events from gamma-rays.

The DAQ system, consisting of a series of specialised electronics and microproces-
sors, lies at the core of the LAT, collecting information from the other three sub-systems.
It makes the initial decision whether a signal should be relayed to the ground, which re-
quires the distinction between undesired CR signals and the real gamma-ray signals, and
is also involved in the search for GRBs.

Acceleration by Unipolar Inductors

Rapidly rotating and highly magnetised astrophysical systems, such as pulsars and neu-
tron stars, induce high electric fields which can accelerate particles to ultra-high energies
(Blasi, Epstein, and Olinto, 2000; Arons, 2003). Conceptually, the rationale lies in the
extraction of electrons from the astrophysical object’s surface due to the electric field. As-
suming a dipolar magnetic field, as in the case of neutron stars, the electrons will trace the
field lines and emit radiation as a result of the curvilinear motion. As such, the photons
emitted may interact with the magnetic field of the surrounding environment to gener-
ate electron-positron pairs, yielding feedback for this recurring process. The increasingly
larger number of pairs fills the magnetosphere with an abundance of electrons and posi-
tions, with the difference in potential subsequently inducing acceleration.

Other Acceleration Mechanisms

In addition to the above processes, magnetic reconnection (de Gouveia Dal Pino and
Lazarian, 2000), wake-field acceleration and reacceleration in sheared jets are some other
possible acceleration mechanisms. An in-depth review of such processes is provided in
Blasi (2013).
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Lateral Distribution Function

The NKG Function

The following is adapted from the lecture notes of Bernlöhr (2018): the NKG function for
the lateral distribution of secondary particles in electromagnetic showers is :
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where Ne is the shower size, c(s) is such that Ne =
∫ ∞

0 2πrρedr and s is the shower age.
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)− 1

2 such that s = 1
at Xmax.

Figure A.2 displays a schematic of the Cherenkov flash cone with the eventual detec-
tion by WCDs, as in the case of HAWC.

FIGURE A.2: Schematic depicting the Cherenkov flash cone with the detection in a HAWC-
like scenario. A charged particle or gamma-ray entering the atmosphere generates a shower
of secondary particles which are detected by water Cherenkov detectors via the production
of Cherenkov light in the water. Image credit: A. Jardin-Blicq.

Geomagnetic Field

CRs, being charged particles, interact with the Earth’s magnetic field which deflect their
trajectories, with this deviation depending on both the particle charge and energy. This
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bending effect is more substantial for low-energy showers. This geomagnetic field influ-
ences the development of EAS, causing the collected photons to be spread out, thereby re-
ducing the sensitivity of the Cherenkov telescope. Hence, the geomagnetic field strength
(rigidity2), as illustrated in Figure A.3, is one of the key factors to consider when planning
the location of a Cherenkov particle detector. This is the rationale underlying the choice
of location of the HAWC observatory in Mexico.

FIGURE A.3: Rigidity or equivalently magnetic field strength at different locations on Earth,
with the red star indicative of the location of HAWC. Figure adapted from Biland (2018)
which was computed using https://www.ngdc.noaa.gov/geomag/data.shtml.

2Rigidity is the product of magnetic field strength and gyroradius of a charged particle moving in the
field. Equivalently, it is the particle momentum divided by its charge, R = pc/Ze, and thus implies that a
higher momentum particle has a higher resistance to deflection by a magnetic field.

https://www.ngdc.noaa.gov/geomag/data.shtml
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B
Supplementary to HAWC Gamma-ray
Observatory

As supplementary material, we provide a brief review of water cherenkov detectors and
their use of photomultiplier tubes (PMTs). We then define the photoelectric effect, the
work function and gain of a PMT, and finally outline the different types of noises in a
PMT. Moreover, we study the lateral distribution of muons with zenith angles binned
equally in degrees and the behaviour of the same distribution with slant depth.

Water Cherenkov Detectors

The top of the bladder has an access hatch and four light tight instrumentation ports
which feed the necessary cabling for depth monitoring, temperature monitoring, calibra-
tion fiber optics diffuser, and PMT cabling. The top of the tanks have a protective canvas
dome supported by a steel frame to prevent rain or snow accumulation. Each tank is op-
tically isolated to facilitate detection of variations in energy reaching ground, which can
be used for distinguishing between gamma-ray and hadronic initiated showers.

The altitude of HAWC places it at an atmospheric depth of approximately 638 gcm−2

and considering pair production and bremsstrahlung interactions in air, this altitude cor-
responds to roughly 17.2 radiation lengths (COESA, 1976). Thus, the dimensions of the
WCDs were chosen to optimise both the sensitivity of HAWC to TeV showers and to
minimise the dependence of the number of detected photoelectrons (PE) on the location
of the PMTs at the bottom of the WCDs. For shallow water depths, low energy secondary
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particles penetrate all the way to the bottom of the WCD. This causes a large number of
PEs to be detected by the PMTs, such that every detection would appear to be an EAS
secondary. The depth was therefore chosen based on the penetration depth of vertical,
median energy muons produced by TeV showers which is about 10.5 radiation lengths.

Photomultiplier Tubes

PMTs are a class of light-sensing devices that operate on the principle of the photoelec-
tric effect.1 They are sensitive enough to detect single photons and have extremely fast
response speeds on the order of tens of nanoseconds. Moreover, they are designed with
large collection areas, thereby reducing the total number of devices required to instru-
ment an area the size of the HAWC observatory. The read-out signal from a PMT is am-
plified by applying a high voltage (HV) across it. PMTs typically consist of an evacuated
glass casing whose inner surface is lined with a vapour-deposited semiconductor with a
low work function.2 This is known as the photocathode.

When a Cherenkov photon strikes the the photocathode, it liberates an electron which
is then accelerated towards a series of metal plates, called a dynode, located behind the
photocathode and held at a significantly higher voltage. This primary electron, upon
collision with the first dynode, liberates a new group of electrons which are accelerated
towards the next dynode. This process is repeated through 10 dynodes, such that the
number of electrons flowing through the dynode chain continues to grow until they reach
the final dynode. Thereon, all secondary electrons are transferred to the anode where they
are collected and delivered to the PMT output for measurement. The ratio of the mean
output charge for a single photon (producing a single primary electron) to the fundamen-
tal electron charge yields the gain, or amplification factor, of the PMT. This factor depends
on the HV at which the PMT is operated, the total number of dynodes, and location where
the incoming photon was absorbed as elaborated in Section B. Both populations of PMTs
are operated with a positive HV of approximately 1 700 V, with the exact value tuned to
gain-match all PMTs, thereby producing uniform electronics response.

Issues with PMTs

Although PMTs are highly sensitive, not every photon incident on the photocathode pro-
duces a free electron as the photoelectric effect is determined by a probabilistic quantum
process quantified by the quantum efficiency (QE). It is the per-photon probability for
creating a free electron and it depends on the photocathode material, the incident angle

1The photoelectric effect is explained in Section B.
2The work function is defined in Section B.
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and the incident photon frequency. The collection efficiency, i.e the probability for a free
electron to land on the first dynode is another factor that influences PMT read-out signals.
Manufacturers like Hamamatsu report QE numbers which are interpreted as the product
of quantum and collection efficiencies. For Cherenkov light spectrum, the manufacturer-
quoted peak QE for the 10′′ PMT is almost double that of the 8′′ PMT. However, there
is no distinction between photons that fail to produce free electrons at the photocathode
and photons that produces an electron which subsequently fails to reach the first dynode.
Thus, there is a direct relationship between the number of the incident photons and the
integrated charge of the final current, implying that if a PMT is properly characterised, it
can be used to count PEs by making measurements on the resulting current pulse.

PMTs are subject to different types of noise, but since we have multiple PMTs in a
tank, the effects of some noise can be reduced by comparing the signals between these
PMTs. Nonetheless, they introduce crosstalk which are undesired signals produced by
high pulses on a neighbouring channel. The most prominent sources of noise in PMTs are
dark currents, prepulsing, and afterpulsing. These are described in Section B.

The Photoelectric Effect

In the photoelectric process, the innermost electron within some material absorbs the
energy of one photon and acquires more energy than the electron binding energy of the
material, and is ejected. A rise in intensity increases the number of similar energy photons
sent over a given time interval, but it does not affect the energy of the emitted electrons.
Only the energy of the individual photons affects the photoemission of a material.

Work function of a PMT

The maximum kinetic energy of PEs produced at the photocathode is given by:

Kmax = hν −W , (B.1)

where h is the Planck constant, ν is the frequency of the incident photon, and W is the
work function of the photocathode. The work function describes the minimum energy
required to remove a single electron from the surface of the photocathode. The work
function depends on both the electrostatic potential of the cathode and the intrinsic phys-
ical properties of the cathode material.
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PMT Gain

PMT gain also depends on where the initial photon was absorbed as asymmetries in the
geometry of the PMT, particularly for locations far from the photocathode centre, produce
different final electron velocities at the first dynode and therefore different numbers of
secondary electrons (Matsubara et al., 2012). This results in the broad spread of output
charge for single photon measurements, which acts as an uncertainty of about 35% to any
calibration relating total charge to photon number.

Noises in PMT Signals

Dark Current

Dark current corresponds to noise that originates from current flow when the PMT is not
exposed to light. The PMT functioning requires the use of materials that have low work
functions for both the photocathode and dynode. These materials are also prone to the
thermionic emission3 of electrons. The current density of these emissions within a PMT
is therefore dependent on the temperature.

Prepulse

Sometimes, a photon passes through the photocathode and interacts to produce a PE at
the first dynode which is then accelerated through the remaining dynode chain to yield
a lower signal compared to when PEs are initiated at the photocathode. This is because,
in the former case, the amplification obtained from collision with the first dynode is lost.
This effect produces a signal that precedes the arrival of the main pulse in multi-PE signals
and is hence termed prepulse. It artificially changes the calibrated pulse timing.

Afterpulse

While an ideal PMT would contain vacuum, real PMTs contain low quantities of air. This
enables electrons travelling the distance between the photocathode and first dynode to
strike neutral atoms and ionise them. Although the electron continues its path to the first
dynode and triggers the subsequent processes, the resulting ion drifts back to the photo-
cathode. There, the ion collides to liberate another electron which accelerates towards the
first dynode and initiates a second electronic signal, known as an afterpulse.

3Thermionic emission is the liberation of electrons from an electrode by virtue of its temperature.
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Since the vacuum inside a PMT slowly degrades over time, afterpulsing is especially
prevalent in older populations of PMTs, like the 8′′ PMTs re-used from Milagro. After-
pulses affect the total charge and timing of calibrated pulses because their correlation to
the original pulse yields a much higher noise rate immediately following real signals,
thereby increasing the chance for waveform overlap. Such waveforms are flagged and
are excluded from both the air shower triggering and reconstruction algorithms.

Cable Propagation

The PMT read-out is transmitted back to a centrally located electronics building using
three RG-59 coaxial cables. The total cable run for each PMT is identical and has a length
of 1.85 m. The coaxial cable provides both the high voltage to the PMT, and carries the
signal back to the data acquisition (DAQ) system. The propagation delay and signal
dispersion within a cable depend on both the cable length4 and the temperature. Hence,
identical cable lengths were used and the cables were buried underground to minimise
temperature variations, thus maintaining a similar temperature for all PMTs and ensuring
uniform signal propagation throughout the array.

Digital Front-End-Boards

The digital FEB receives the low and high threshold outputs from the analog FEB and
applies additional digital ECL logic to combine the low and high threshold signals into a
single waveform. The DAQ records the PMT location, the charge (after charge calibration)
and the time of this detection (a stream of digital pulses colloquially known as “hits”).

Investigating Lateral Distribution of Muons

The distribution of the cumulative number of muons as a function of lateral distance from
the simulated shower core for different incoming zenith angles binned equally in degrees
is illustrated in Figure B.1.

Slant depth is given by:

X(z, θ) =
∫ z

∞
ρatm(z′, θ) cos θdz′ , (B.2)

4Signal attenuation due to the finite resistance per unit length of the conductor becomes important over
long cable runs. Additionally, the structure of the coaxial cable introduces inductance, capacitance, and
conductance per unit length behaviour that are considered to be on the short timescales of typical PMT
signals.
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(A) (B)

FIGURE B.1: Distribution of the cumulative number of muons per event as a function of
lateral distance for a gamma-ray induced shower (left panel) and proton-induced shower
(right panel) for showers with an initial energy of 1 TeV and detection was set at an altitude
of 4 100 m while the incoming zenith angles were binned equally in degrees.

where z is the altitude, θ is the incoming zenith angle of the primary particle and ρatm is
the density of the atmosphere. The behaviour of the lateral distribution of muons with
slant depth is given in Figure B.2.

(A) (B)

FIGURE B.2: Distribution of the cumulative number of muons per event as a function of
lateral distance for a gamma-ray induced shower (left panel) and proton-induced shower
(right panel) for different slant depths. The above showers had an initial energy of 1 TeV.
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C
Supplementary to Air Shower
Reconstruction & Gamma/Hadron
Discrimination in HAWC

As supplementary material, for all shower bins for PMTs A and C, the probability density
distribution of fractional charge in main array tanks as a function of the total charge col-
lected for the tank is illustrated in Figures C.1 to C.6 for gamma and proton simulations
as well as observed data as discussed in Chapter 4. The probability density distributions
for shower bin 5 are shown, for PMTs A and C, in Figure 4.7 in Chapter 4 and for PMTs B
and D, here in Figure C.7. The differences in light seen from PMT A compared to PMT C
is shown in Figure C.8. Some diagnostic plots regarding the charge recorded in a specific
tank and participation fraction of tanks in an event are displayed in Figures C.9 and C.10.
We show the likelihood ratio distribution for gamma simulation, Crab sample events, a
set of observed data and proton simulations for different PE cuts implemented in Fig-
ures C.11 to C.17. Lastly, optimal TankLHR, PINC and LiComp cuts and combined TS
plots are illustrated in Figures C.18 to C.23 and in Table C.1.

COMPACT− && P INC − cuts

0 "(rec.nHitSP20/rec.CxPE40>= 21.00) && (rec.PINC<1.50)"

1 "(rec.nHitSP20/rec.CxPE40>= 7.00) && (rec.PINC<2.20)"

2 "(rec.nHitSP20/rec.CxPE40>= 9.00) && (rec.PINC<3.00)"

3 "(rec.nHitSP20/rec.CxPE40>=11.00) && (rec.PINC<2.30)"

4 "(rec.nHitSP20/rec.CxPE40>=15.00) && (rec.PINC<1.90)"
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5 "(rec.nHitSP20/rec.CxPE40>=18.00) && (rec.PINC<1.90)"

6 "(rec.nHitSP20/rec.CxPE40>=17.00) && (rec.PINC<1.70)"

7 "(rec.nHitSP20/rec.CxPE40>=15.00) && (rec.PINC<1.80)"

8 "(rec.nHitSP20/rec.CxPE40>=15.00) && (rec.PINC<1.80)"

9 "(rec.nHitSP20/rec.CxPE40>= 3.00) && (rec.PINC<1.60)"
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FIGURE C.1: Fractional charge of PMT A as a function of total charge in a tank for a simu-
lated gamma particle.
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FIGURE C.2: Fractional charge of PMT A as a function of total charge in a tank for observed
events at HAWC.
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FIGURE C.3: Fractional charge of PMT A as a function of total charge in a tank for a simu-
lated proton.
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FIGURE C.4: Fractional charge of PMT C as a function of total charge in a tank for a simu-
lated gamma particle.
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FIGURE C.5: Fractional charge of PMT C as a function of total charge in a tank for observed
events at HAWC.



Appendix C. Supplementary to Chapter 4 173

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin0C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin1C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin2C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin3C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin4C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin5C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin6C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin7C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin8C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin9C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin10C

j
TankQ

10
Log

1− 0 1 2 3 4 5

j
T

a
n

k
/Q

C
P

M
T

Q

0

0.2

0.4

0.6

0.8

1

6−10

5−10

4−10

3−10
ShowerBin11C

FIGURE C.6: Fractional charge of PMT C as a function of total charge in a tank for a simu-
lated proton.
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FIGURE C.7: Probability density distribution of showers from simulated gammas (top),
data (middle), and simulated protons (bottom) as seen by PMT B (left) and PMT D (right)
for shower bin 5.
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FIGURE C.8: Gross differences between PMT A and PMT C for proton simulations (blue)
and measured events (green).
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FIGURE C.9: Charges registered in a specific tank for all PMTs for gamma simulations (top
left), observed data (top right), and proton simulations (bottom).
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FIGURE C.10: Percentage of main array tanks that participate in an event for gamma simu-
lations (top left), observed data (top right), and proton simulations (bottom).
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FIGURE C.11: Rd/γ distribution for simulated gammas in red, simulated protons in blue,
data in green, and data specifically from the Crab nebula region in black, dot-dashed lines.
The different panels are for the different PE cuts applied, (A) is 0.1, (B) is 1, (C) is 5, (D) is
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FIGURE C.12: Probable excess signal from the Crab nebula region using TankLHR.
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FIGURE C.13: Probable excess signal from the Crab nebula region using PINC.
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FIGURE C.14: Probable excess signal from the Crab nebula region using LiComp.



182 Appendix C. Supplementary to Chapter 4

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

750

800

850

Bin 0
Odd
Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

36500

37000

Bin 1

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

47500

48000

48500

Bin 2

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es
29000

29500

30000

Bin 3

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

1200

1300

1400

Bin 4

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

850

900

950

1000
Bin 5

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

100

120

140

160
Bin 6

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

0

5

10

Bin 7

Odd

Even

RA
1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49 1.5

# 
E

nt
rie

s

10
15
20
25
30
35

Bin 8

Odd

Even

RA
1.42 1.44 1.46 1.48 1.5

# 
E

nt
ri

es

10

20

30

Bin 9

Odd

Even

FIGURE C.15: Events passing the TankLHR selection cut in the Crab nebula region.
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FIGURE C.16: Events passing the PINC selection cut in the Crab nebula region.
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FIGURE C.17: Events passing the LiComp selection cut in the Crab nebula region.
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FIGURE C.18: Excess signal as a function of TankLHR and PINC
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FIGURE C.19: TS of signal as a function of TankLHR and PINC
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FIGURE C.20: Excess signal as a function of TankLHR and LiComp
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FIGURE C.21: TS of signal as a function of TankLHR and LiComp
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FIGURE C.22: Excess signal as a function of PINC and LiComp
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FIGURE C.23: TS of signal as a function of PINC and LiComp
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TABLE C.1: Table detailing the optimal combined cuts on LiComp and PINC for the highest
TS of the Crab nebula.

B Highest TS
Discriminator

LiComp PINC

0 21.2 −1.84 1.69

1 60.7 −1.76 2.38

2 257.3 −2.40 2.19

3 592.5 −2.64 2.10

4 569.7 −2.72 2.06

5 636.5 −2.80 1.92

6 423.2 −2.88 1.69

7 229.7 −2.88 1.83

8 168.0 −2.56 1.55

9 173.8 −2.08 1.27

Other Gamma/Hadron Separators

A method based on neural network is being developed for gamma/hadron separation. It
is the predictive modelling of few parameters that distinguish between gammas and pro-
tons via training of a dataset. Yet another method of discriminating gamma-ray induced
showers from cosmic-ray induced showers is through the implementation of convolu-
tional neural network (CNN). An image of the shower which contains information of the
detected charge in each PMT is mapped onto a square array and the CNN is trained using
MC simulations. This trained model then takes as input a given data set and outputs the
probability of a given shower to be gamma-like or hadron-like.
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D
Supplementary to A New Approach to
Background Modelling for HAWC

As supplementary material, we first provide the gamma/hadrons cuts used to make the
Hcut maps. Then, we illustrate, for all nHit bins, the gamma-like event maps, the DI
maps, the MB maps, and the excess maps for both MB and DI in Figures D.1, D.2, D.3, D.4
and D.5, respectively, as discussed in Chapter 5. Furthermore, we provide the expected
counts per transit and the exposure maps for a Crab nebula-like source in Figures D.6 and
D.7.

HCuts

0 "(rec.nHitSP20/rec.CxPE40<= 20.00) && (rec.PINC>2.00)"

1 "(rec.nHitSP20/rec.CxPE40<= 6.00) && (rec.PINC>2.80)"

2 "(rec.nHitSP20/rec.CxPE40<= 8.00) && (rec.PINC>3.50)"

3 "(rec.nHitSP20/rec.CxPE40<=10.00) && (rec.PINC>2.80)"

4 "(rec.nHitSP20/rec.CxPE40<=14.00) && (rec.PINC>2.40)"

5 "(rec.nHitSP20/rec.CxPE40<=17.00) && (rec.PINC>2.40)"

6 "(rec.nHitSP20/rec.CxPE40<=16.00) && (rec.PINC>2.20)"

7 "(rec.nHitSP20/rec.CxPE40<=14.00) && (rec.PINC>2.30)"

8 "(rec.nHitSP20/rec.CxPE40<=14.00) && (rec.PINC>2.30)"

9 "(rec.nHitSP20/rec.CxPE40<= 2.00) && (rec.PINC>2.10)"
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FIGURE D.1: Gamma-like event maps for nHit bins 0-9.
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FIGURE D.2: DI maps for nHit bins 0-9.
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FIGURE D.3: MB maps for nHit bins 0-9.
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FIGURE D.4: Excess maps derived using the MB map for nHit bins 0-9 with a 5° smoothing.
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FIGURE D.5: Excess maps obtained using DI as background for nHit bins 0-9 with a 5°
smoothing.
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FIGURE D.6: Maps showing expected counts per transit for nHit bins 0-9. A Crab nebula-
like source spectrum, with spectral index −2.63 and normalisation 3.5 × 10−11 cm−2 s−1 at
a reference energy of 1 TeV, was used.
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FIGURE D.7: Exposure maps showing expected counts for nHit bins 0-9. A Crab nebula-
like source spectrum, with spectral index −2.63 and normalisation 3.5 × 10−11 cm−2 s−1 at
a reference energy of 1 TeV, was used.
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E
Supplementary to Search for Large-Scale
Structures such as Fermi Bubbles in
HAWC Sky

As supplementary material, we display, in Figure E.1, bubbles in other galaxies, and the
flux upper limit comparison for confidence levels 68% and 95% in Figure E.2. Finally, in
Figure E.3, we illustrate the extraction of integral flux upper limits using different spectral
indices.
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(A) NGC3079. Image credit: NASA/CXC/U, Michigan, https://chandra.harvard.edu/
photo/2019/ngc3079/more.html

(B) Galaxy cluster Hydra-a (C) Composite image of M82 from
Chandra, HST and Spitzer data. Im-
age credits are X-ray: NASA/CX-
C/JHU/D.Strickland; Optical: NASA/E-
SA/STScI/AURA/The Hubble Heritage
Team; IR: NASA/JPL-Caltech/Univ. of
AZ/C. Engelbracht

FIGURE E.1: Bubbles in other galaxies.

https://chandra.harvard.edu/photo/2019/ngc3079/more.html
https://chandra.harvard.edu/photo/2019/ngc3079/more.html
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FIGURE E.2: Flux upper limit comparison for different confidence levels.

FIGURE E.3: Extracting integral flux upper limits using 95% confidence level upper limits
from different spectral indices.
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