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Abstract

This thesis is devoted to the study of extremely energetic short-timescale
astrophysical events, Gamma-ray bursts (GRBs). GRBs exhibit broad-band
bright non-thermal emission, which was analysed using two major exper-
iments: the High Altitude Water Cherenkov observatory (HAWC) and the
High Energy Stereoscopic System (H.E.S.S.). The two experiments are in
many respects complementary for the observation of very high energy (VHE)
gamma-ray emission from GRBs, and in this work the respective advantages
were exploited to maximise the sensitivity to VHE signals. After the analysis
of several tens of GRBs observed using H.E.S.S. until 2017, where no signif-
icant emission was detected, improvements in the observation strategy of
H.E.S.S. allowed the detection of GRB 180729B and GRB 190829A. These
detections are presented in context with multi-wavelength data, proposing
plausible emission mechanisms, thus concluding a decade-long search for
these elusive phenomena at VHE. In the second part, novel methods to im-
prove the accuracy of the HAWC detector simulation are presented, including
better modelling of the detector efficiencies and electronics. A model that
accounts for the detector response and the GRB flux evolution has been
developed to estimate the optimal integration time for VHE searches with
HAWC. Thanks to these improvements, it is possible to exploit the wide field
of view and high duty cycle of HAWC for the search of VHE emission in
several tens of GRBs. Preliminary evidence for emission is found in one of
the GRBs studied, and upper limits are obtained for all the GRBs analysed
and placed in context of the X-ray properties of these events. Finally, the
limits and detections presented in this work are placed within the framework
of the current understanding of GRBs and prospects for future and present
VHE gamma-ray detectors are presented.






Zusammenfassung

Diese Arbeit widmet sich der Untersuchung von extrem energiereichen,
kurzzeitigen astrophysikalischen Ereignissen, den Gammastrahlenblitzen
(GRBs). GRBs weisen eine breitbandige, helle nicht-thermische Emission
auf, die in dieser Arbeit anhand der Daten zweier groRer Experimente
analysiert wurde: dem High Altitude Water Cherenkov Observatory (HAWC)
und dem High Energy Stereoscopic System (H.E.S.S.). Die beiden Exper-
imente sind in vielerlei Hinsicht komplementér fiir die Beobachtung von
sehr hochenergetischer (VHE) Gammastrahlenemission von GRBs — in dieser
Arbeit wurden die jeweiligen Vorteile ausgenutzt, um die Empfindlichkeit
fiir VHE-Signale zu erhohen. Nach der Analyse von mehreren Dutzend
GRBs, die bis 2017 mit H.E.S.S. beobachtet wurden und bei denen keine
signifikante Emission festgestellt wurde, ermoglichten Verbesserungen in
der Beobachtungsstrategie von H.E.S.S. den Nachweis von GRB 180729B
und GRB 190829A. Diese Entdeckungen werden im Zusammenhang mit
Multi-Wellenldngen-Daten vorgestellt, wobei plausible Emissionsmechanis-
men vorgeschlagen werden, um so eine jahrzehntelange Suche nach diesen
schwer fassbaren Phanomenen im VHE-Bereich abzuschliel3en. Im zweiten
Teil der Arbeit werden neuartige Methoden zur Verbesserung der Genauigkeit
der HAWC-Detektorsimulation vorgestellt, einschlief3lich einer verbesserten
Modellierung der Detektoreffizienz und -elektronik. Es wurde ein Modell
entwickelt, das die Detektorantwort und die zeitliche Entwicklung des GRB-
Flusses beriicksichtigt, um die optimale Integrationszeit fiir VHE-Suchen
mit HAWC abzuschitzen. Dank dieser Verbesserungen ist es moglich, das
breite Sichtfeld und den nahezu ununterbrochenen Betrieb von HAWC fiir die
Suche nach VHE-Emission in mehreren Dutzend GRBs zu nutzen. In einem
der untersuchten GRBs wurden vorlidufige Hinweise auf Emission gefunden;
fiir alle analysierten GRBs wurden Obergrenzen ermittelt und in den Kontext
der Rontgen-Beobachtungen dieser Ereignisse gesetzt. Abschlieend werden
die in dieser Arbeit vorgestellten Grenzen und Nachweise im Rahmen des
aktuellen Verstdndnisses von GRBs diskutiert und Perspektiven fiir zukiinftige
und aktuelle VHE-Gammastrahlendetektoren vorgestellt.
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The observation and study of astronomical objects and phenomena demand
the understanding of those techniques that allow us to detect galactic and
extragalactic sources of photons. These comprise methods for the detection
of emissions in the whole electromagnetic spectrum, starting from the lowest
energies in the radio regime, continuing with optical, infrared and finishing
with the highest energies; the X-ray and gamma-ray band (Fig. 1.1). These
observations are complemented by other astrophysical messengers such as
gravitational waves and neutrinos.

An astrophysical source can emit VHE (~ 100GeV to ~ 100TeV) cosmic
rays and photons. Cosmic rays, consisting of protons, electrons, heavy ions,
positrons and other anti-particles are charged particles. On their travels,
they are deflected by magnetic fields and reach the Earth with an almost
isotropic distribution, thereby losing information on their origin. Photons
and neutrinos, instead, arrive straight from their source and can be used to
study particle acceleration in astrophysical sources.
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Fig. 1.1.: Typical observational methods in the whole electromagnetic spec-

trum. At the top, in green, the energy in eV is shown for their equivalent
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to them is indicated for each energy range. Figure obtained from Wagner,

2006.
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The radiated emission observed at VHE is the consequence of non-thermal
processes (Where astrophysical sources can not be modelled as black bod-
ies) in which magnetic fields, photon fields, charged particles, and matter
accelerated to relativistic speeds come into play (Fig. 1.2).

Central
Engine

Inverse compton
up-scattered photons

e / 170 .2
Shocks and A& .. "
reconnection A

Nuclei

Source region
Intervening space

Nuclei

Fig. 1.2.: Illustration of the trajectories of different particle types from their
origin (central engine), up to their detection on Earth by different
types of instruments. Neutrinos (v, in orange) and gamma rays (v,
in green), have no charge and therefore travel to the Earth without
disturbance in their trajectories. Cosmic rays, such as ionised atomic
nuclei (indicated with blue colour) and electrons/positrons (e*,e™) are
electrically charged and their trajectories suffer from distortions due to
the presence of electromagnetic fields throughout their travel to the Earth.
Image modified from Pretz, 2016.

For high and very-high-energy photons and cosmic rays, the atmosphere
can be used as a calorimeter. These particles interact with the atoms in the
air and trigger the development of electromagnetic showers consisting of
secondary particles travelling at relativistic speeds. The modern methods of
ground-based cosmic and gamma-ray astrophysical observations (see Ch. 3)
use the detection and reconstruction of these atmospheric showers to study
the universe at VHEs.
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In this chapter, the understanding of the non-thermal universe and how we
explore it is summarised. Cosmic-ray and gamma-ray physics is introduced,
as well as atmospheric showers and Cherenkov radiation. These are the main
components used for the detection of VHE radiation of astrophysical origin
and are used in the two gamma-ray observatories considered in this work
and presented in Ch. 3.

Cosmic Rays

The discovery of cosmic rays is already more the one hundred years old.
Theodor Wulf designed an electrometer to measure ionising radiation of ter-
restrial origin. In 1909, he placed his electrometer on top of the Eiffel tower
and noted that the detected flux decreased but did not vanish completely,
hinting at an atmospheric origin for the detected radiation (Horandel, 2013).
In 1911, Domenico Pacini performed experiments by taking electrometers
to the surface of the sea and underwater, concluding that the ionisation was
originated from penetrating radiation in the atmosphere (De Angelis, 2010).
Victor Hess performed more studies from 1911 to 1913. In balloon flights,
he measured the flux of ionising radiation and provided evidence that it
increased with altitude, demonstrating a cosmic origin for it. For this work,
he was awarded the 1936 Nobel Prize together with Carl D. Anderson for the
discovery of positrons in cosmic radiation.

In 1929, Walter Bothe and Werner Kohloerster determined that cosmic rays
were composed of electrons, protons and light-element nuclei (Bothe et al.,
1929). Ten years later, a paper by Pierre Auger reported on the detection of
showers with as much as 300 m of extension and noted that primary particles
of energies of ~10' eV are required for producing those extensive air show-
ers (Auger et al., 1939). These historical observations have inspired tens
of experiments, developing novel techniques to understand the origin and
physical processes behind cosmic radiation and its sources of acceleration.

The cosmic-rays differential flux as a function of energy is the so-called
cosmic-ray spectrum (Fig. 1.3). In general, this distribution follows a power
law dN/dE «x E~“ where «, the spectral index, has an approximate value
of 2.7. This relation is applicable for protons and nuclei with energies

Chapter 1 Introduction
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Fig. 1.3.: The cosmic-ray spectral-energy distribution detected by many exper-
iments spanning over nine logarithmic decades in energy. The differ-
ential flux is scaled by E27. The spectrum can be pictured as leg with two
knees and one ankle. Figure adapted from Amsler et al., 2008 and Cronin
et al., 1997.

between 10° —10'* €V. The exact proportion of these particle species is energy-
dependent (see Amsler et al., 2008 for details). The cosmic-ray spectrum is
characterised by several breaks in the spectral index, widely attributed to the
different scale or process responsible for their origin.

Low energy cosmic rays (up to 10° eV) are known to be modulated by the
solar wind, since the solar magnetic field shields most of the cosmic rays
coming from the outside of the solar system. For higher energies, between
10° — 10'* eV, the spectrum of electrons, protons and nuclei is described by
a ~ 2.5—2.7. At around 10'° eV (1 PeV) the spectrum presents a break called
the knee where a changes to a value of 3.1 (the exact location of the knee
depends on the particle species). Cosmic rays up to the knee are believed
to be of galactic origin. Cosmic rays with energies above 10'° €V cannot be
confined within the galaxy and can escape. The region between ~ 5x10°
to 1x10'7 follows a value o ~ 3.0. It is widely believed —yet not concluded—
that this region corresponds to the transition between cosmic-ray production

1.1 Cosmic Rays
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from galactic and extragalactic origin (see for example discussion in Bell,
2013).

From 1x10'7 up to 5x10'%, o becomes ~3.3, feature called the second knee,
associated with the steepening of the spectrum of heavy nuclei. Hardening of
the spectrum is seen above these energies up to 4x 10! with « returning to a
value of 2.6. The transition region at 5x10'8 is called ankle. The origin of
the cosmic rays in this region is believed to be extragalactic. At above 4x 10
a hard cut-off is observed. This behaviour is believed to be explained by the
theoretical model GZK (Greisen-Zatsepin—Kuzmin) for resonant interaction
of the cosmic rays with the cosmic microwave background limiting the
maximum distance that cosmic-rays can travel (Berezinsky, 2013).

As seen in Fig. 1.3, above 10?° €V, cosmic rays are extremely rare. The flux
of cosmic rays above these energies is estimated to be less than 1 particle
per km? per 100 years. To efficiently study these phenomena, detectors with
effective areas of several hundred or thousands km? are needed (see eg. He,
2019; The Pierre Auger collaboration, 2015).

Particle Acceleration

Astrophysical environments are capable of generating non-thermal particle
populations. Non-linear disturbances in the medium, such as shocks, are
thought to be a very efficient place for particle acceleration. This was first
proposed by Enrico Fermi in 1949 (Fermi, 1949). A complete review on these
topics can be found in Longair, 2011.

In diffusive shock acceleration (DSA) or first order Fermi acceleration, parti-
cles gain energy as they are scattered repeatedly back and forth across the
shock. As pictured in Fig. 1.4, in the reference frame of the shock front, the
upstream (region where the shock has not interacted with the medium) is
approaching the shock front with a speed of U. Starting with the continuity
equation for conservation of matter one has p;v; = pavy Where py, v; and p,,
vy are the mass density and velocity of the upstream and downstream (the
shocked part of the medium) respectively. Applying conservation of momen-
tum and conservation of enthalpy, and assuming a strong shock v, /c; >> 1
where ¢, is the sound speed in the upstream medium, the compression factor

Chapter 1 Introduction
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Fig. 1.4.: Schematic of the Diffusive Shock Acceleration. The left panel illus-
trates the flow of gas in the frame in which the shock front is at rest.
Here, the shock front sees the upstream approaching with a velocity U
and the downstream leaving with a velocity U/4. In the middle panel, the
rest frame of the upstream is shown. The particles in the upstream see
the downstream advancing with a velocity of 3U /4. By scattering, they
become isotropic and return to the upstream with an energy gain AFE.
In the right panel, the rest frame of the downstream is shown. Particles
traversing the shock front encounter the gas in the upstream approaching
with velocity 3U /4. Under the same scenario as the upstream rest frame,
particles return to the downstream gaining an energy A F. Figure adapted
from Funk, 2005.

isr = p1/pa = (v+1)/(y — 1) whith ~ the specific heat capacity of the shock.
For a fully-ionized shock, or one composed by a mono-atomic gas, v = 5/3.
Therefore, » = 4 and the speed of the downstream v, is smaller than the
upstream speed by a factor of four v, = v, /4 = U/4. In the rest frame of the
upstream, the particle is approached by the ambient gas in the downstream
region with a speed |v; — v,| = 3U/4. This situation is similar when consid-
ering the rest frame of the downstream. This means that a particle that is
being isotropised or scattered, is always gaining energy irrespective of the
direction of crossing, acquiring on each crossing an average energy of:

()1

Here V = 3U/4 is the velocity of the gas approaching the particles. This
value is doubled (2(AE/FE)) for a round trip.

1.1 Cosmic Rays
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After each crossing, (E) = 5(E,), where 3 is the energy gain factor and Ej
the initial energy. Let P be the probability that a particle will return to the
upstream from the downstream region. After k crossings, the final energy will
be (E) = 5*(E,), and the number of particles that will have returned to the
shock k-times will be N = P¥N,, where N, is the initial number of particles
within the system. The resulting energy spectrum of particles accelerated
under this scenario is a power-law of the form:

N(E)E o« E"* 5 dE, (1.2)

From Eq. 1.1, 5 = 1 + U/c. The number of relativistic particles crossing the
shock front is nc/4 (with ¢ the speed of the particle and n the number density
of particles) and the number of particles advected away in the downstream
region is nU/4. Additionally, the probability of escaping the system is P’ =
U/c and the probability of remaining P = 1 — P’. For non-relativistic shocks
we have that U < cand In P/In 3 = —1, Eq. 1.2 becomes N(E)dE x E~2.
Therefore, this process naturally produces a power-law that is consistent
with emission from many non-thermal astrophysical sources. By allowing for
energy-dependent escape the power-law index is close to that required for
sources of galactic cosmic rays.

Cosmic-ray Accelerators

In supernova environments, the diffusive shock mechanism can accelerate
cosmic rays up to energies of ~ 10 eV (1PeV). Beyond this limit, other
factors, such as the presence of magnetic fields in the shock region, allow
to contain the particles for a longer time and therefore accelerate them to
even higher energies. Another limitation is the size of the system; the Larmor
radius® of gyration of particles in the magnetic field needs to be smaller
than the acceleration region. Thus, the maximum energy that a particle can
reach in the confinement of a source of size R = (I" (with [ the co-moving
size and I" the Lorentz factor of the source) and magnetic field strength B is

!The Larmor radius is given by rL = ymc?/qcB, where c is the speed of light, v, m and
q are the Lorentz factor, mass and charge of the particles respectively submerged in a
magnetic field strength B.

Chapter 1 Introduction
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1.2.1

E,.«. = eBR. The Lorentz factor correction is significant for active galactic
nuclei (AGNs) where it is estimated that I' ~ 10 — 50, and GRBs where
' ~ 10 — 1000 (Alves Batista et al., 2019). If the acceleration happens in a
shock of velocity f,,, the maximum energy achievable, usually known as the
Hillas criterion, reads:

FErnaz =1 BsneBR (1.3)

where 1 parametrises the efficiency of acceleration.

Potential sources of very-high and ultra-high energy cosmic-rays emission
are plotted in Fig. 1.5 as a function of their magnetic field and radial size
R in the ideal limit where n = 1. The solid and dashed lines show the BR
product for which protons (red) and iron nuclei (blue) with energy of 10%° eV
can be confined in the fast shock (5, = 1.0) and slow shock (5, = 0.1) case
respectively. Objects placed to the left of these lines do not satisfy the Hillas
criterion for cosmic-ray acceleration.

Gamma Rays

Gamma rays are produced by accelerated cosmic rays (mainly electrons and
protons). A process is required to accelerate cosmic-rays up to relativistic
speeds and that at the same time can reproduce the spectrum of cosmic and
gamma-ray sources.

Emission Mechanisms

The most common mechanisms to explain the presence of HE and VHE
and photons involves their interaction with surrounding matter, magnetic,
and photon fields. Gamma rays can be produced via leptonic or hadronic
processes. (see F. A. Aharonian, 2004; Schonfelder, 2001, for detailed
descriptions). The main mechanisms of gamma-ray emission are:

1.2 Gamma Rays

9
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Fig. 1.5.: The Hillas diagram. Astrophysical source classes are shown as a func-
tion of their characteristic size, R, and magnetic field strength, B. The
values are quoted in the co-moving frame of the source. The acronym LL
GRBs/TDEs stands for low-luminosity GRBs and Tidal Disruption Events,
HL GRBs prompt for the prompt emission of high-luminosity GRBs, AGN
stands for Active galactic nuclei, SNe for supernovae. The figure is taken
from Alves Batista et al., 2019
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Bremsstrahlung : Charged particles passing very close to an atomic nucleus
are accelerated or decelerated by their electric fields. The trajectory of
the moving particle is substantially modified and radiation along the
velocity vector is emitted. Bremsstrahlung energy loss is predominant
over ionisation losses for high-energy electrons. The energy loss rate
due to Bremsstrahlung is proportional to the electron incident energy
E.:

dE.  cmyn

dt X, 9

where c is the speed of light, m,, is the proton mass and n the number
density of the ambient gas. The radiation length X, is the characteristic
amount of matter traversed by the electron (measured in g cm~2) and
defines the mean distance over which high-energy electrons lose all but
1/e of their energy by Bremsstrahlung (Tanabashi et al., 2018). The
lifetime of electrons (or cooling time) due to Bremsstrahlung losses is:

_ Ee
- —dE,./dt

tor ~4x 10" yrem 3.

Since the energy loss rate is proportional to E,, t,,. is independent of
E, and therefore the spectral shape of electrons is not modified due to
bremsstrahlung losses. Bremsstrahlung is the most important radiation
mechanism for gamma-rays with energies below 100 MeV. It is also
responsible for the diffuse galactic gamma-ray emission of up to 100
MeV, caused by electrons interacting with the interstellar medium.

Synchrotron radiation: In the presence of a magnetic field, particles get
accelerated in circular motion and emit synchrotron radiation. This
acceleration happens perpendicular to their velocity. The energy loss
due to synchrotron radiation is proportional to m~* (with m the mass of
the particle), therefore synchrotron emission in astrophysical environ-
ments is mainly observed in electrons. The average radiated power, or
energy-loss rate, due to synchrotron radiation for an isotropic electron
population is:

1.2 Gamma Rays 11
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dE, 4
= *O'TC[JBBQ’}/2 (14)

Psnc:_
Y a3

with Up = B?/2u, the magnetic energy density of a magnetic field B
and magnetic permeability of vacuum gy, v the Lorentz factor of the
electron and o7 = &2 & 6.7 x 10%cm? the Thomson cross-section with
r. the electron radius. The radiated power is proportional to v* and B2.
In the particle frame, the emission is bipolar and with the relativistic
motion of the particle, the emission in the laboratory frame happens in
a cone with an opening angle 1/~. The cooling time for electrons with
f =~ 11is given by:

E

t.—=—°
* —dE,/dt

x B2E .

Electrons of energies of tens of TeV in a magnetic field of ~ 107*G (as
estimated for the Crab Nebula), will cool in about 10 years, while the
age of the nebula is ~ 1000 years. From this, it can be concluded that
the Crab Nebula has still a continuous acceleration of electrons.

The peak of the synchrotron radiation emission occurs at a frequency
given by:

E \? /B
e = 1.5-107° ( )() 1.
v 5.107°GeV TV G (1.5)

Considering an electron of energy of 1 GeV travelling in the interstellar
magnetic field (few uG), the resulting synchrotron radiation-emission
peaks in the radio-wave regime.

For a power-law distribution of electron energies, N(FE)dE = kEPdE
one can assume that the emitted radiation comes exclusively from
electrons at an energy F such that in a differential interval of energy,
Vmaz can be used. Therefore dE o v~/2B~/2dv. The resulting energy
flux per unit frequency is:

dE

J(v)=— rr

N(E)dE BP+1)/2,(0-p)/2
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the exponent of v is the spectral index a = (1 — p)/2, determined by
the slope of the electron energy spectrum.

Inverse Compton scattering : In this process, a photon of low energy is
up-scattered by an electron resulting in an increase of energy of the
photon. The cross-section of this process is given by:

3o 2(e+1) 1 4 1
= - T e+ ) o b
71C T e K e2 >D(6+ A Tyl |

where ¢ = wy/FE. and wy is the initial energy of the photon in the
co-moving frame of the electron, £, the rest frame electron energy
E. = m.c®. For non-relativistic electron energies ¢ < 1, one has
orc = or(l — 2¢), called the Thomson regime. Considering ultra-
relativistic electron energies ¢ > 1, the electrons lose a significant
portion of energy on each interaction and relativistic effects make the
cross-section drop. This is called the Klein-Nishina (KN) regime where

orc = Sorin(4e)/e.

The energy-loss rate due to IC scattering for the Thomson regime is:

dE., 4
= fUTcwonphEs, (1.6)

P = —
e dt 3

with n,,, the photon-field number density. The cooling time in the Thom-
son regime is similar to the case for synchrotron radiation, 7;c & 1/FE..
With an energy loss that depends on E?, the spectrum in the Thomson
regime becomes steeper with time, since higher energy electrons will
lose energy faster.

For the KN regime the energy loss rate is weakly dependent on the

electron energy:

dE. §0Tcnph
dt N 8 Wo

Pic = — (In(4ey) — 11/6), (1.7)

with v = E,/mc?, making the spectrum become harder with time.

1.2 Gamma Rays 13
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Since synchrotron radiation and inverse-Compton scattering are two
closely linked processes, one can conclude from Eq. 1.4 and Eq. 1.6
that the ratio of the radiated power is equal to the ratio of the radiation
field U, .4 over magnetic field energy density Up:

Pre_ Urad
Psync UB

(1.8)

Synchrotron self-Compton (SSC) In this process, the photons produced

via synchrotron radiation of electrons are also up-scattered by the
same population of electrons. This process can in principle happen
repeatedly, having SSC of first, second, third, ... order. However,
high-order SSC is not commonly treated, since KN effects suppress
the process (Zhang, 2018). Defining the left hand side of Eq.1.8 as
Y = Pic/Psync = Usyne/Up, Where U, is the energy density of the
synchrotron photons, higher order of SSC processes can be written
as Y, =Y, Y, = Psgca/Psscy etc. The total emission power of the
electron is:

Ptot - Psync(]- + )/1 + )/1)6 + )

Therefore, the cooling in the SSC process is equal to the synchrotron
cooling with additional Y-factors. In the simple and most common
case, only the first SSC term is relevant, P, = Psyn(1+Y). If the cases
where the KN effect becomes significant, a correction factor Yy < 1is
introduced. In principle, Y is independent on , since P;¢ and Py, are
proportional to 2. A dependency on 7 is present when applying the
correction factor (Y (v) =Y x Yxy). Where Y is given by:

Yien () ~ min [1( Lmc )2] :

YhVsyne

with I' and v the Lorentz factor of the outflow and the electron in the
co-moving frame respectively, m the electron mass and v, the peak
synchrotron frequency in the observer’s frame.
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Decay and annihilation This involves hadronic processes resulting in gamma
rays. The most common is the production of neutral pions 7° via:

ptp— X +n° (1.9)

and the photoproduction of 7° from nucleons N

N+4+v—= X+ (1.10)

where X is typically a proton or a neutron. With a high probability
(~98.8%), the 7° decays into two photons, 7° — v + v. The resulting
photons have an energy of ~ MeV in the rest frame, which corresponds
to half of the rest mass of the pion.

The annihilation of particle-antiparticle pairs can also produce gamma
rays. The lightest possible pair (e"e') produces two photons with
energy of 511 keV in the rest frame of the annihilation process.

These mechanisms are responsible for all the non-thermal emission seen in
the Universe. Astrophysical sources exhibit the signatures of these accelera-
tion and emission mechanisms throughout their spectrum.

Gamma-ray Sources at VHE

Known sources that emit VHE gamma rays can be split according to their
galactic (supernova remnants, pulsars and binary systems) or extragalactic
origin (active galactic nuclei, starburst galaxies and GRBs).

A supernova remnant (SNR) is the shell-like structure originated by the ex-
plosion of a star. The ejecta during this process interacts with the interstellar
medium (ISM) producing shocks where cosmic rays are accelerated and VHE
gamma-rays emitted.

Pulsars and pulsar wind nebulae are generated (under certain conditions) af-
ter the supernova explosion of a massive star. A pulsar is a highly magnetised
rotating neutron star. The magnetic fields in the neutron star can accelerate

1.2 Gamma Rays

15



16

particles and give rise to VHE emission. The winds of the pulsar can interact
with the supernova shell or ISM and also accelerate particles.

Binary systems are generally composed of a compact object (a neutron star
or black hole) and a massive star in the vicinity. One of the scenarios to
explain the gamma-ray emission is the accretion of mass from the star into the
compact object, giving rise to a jet, where VHE gamma-rays are emitted. In
another scenario, a shock is generated when the winds from the neutron star
interact with those from the massive star giving rise to particle acceleration
and VHE gamma-rays.

In starburst galaxies the star formation, gas density and supernova rate are
extremely high. Supernovae can produce cosmic rays that can interact with
the highly-dense ambient and produce VHE gamma-rays.

Active galactic nuclei (AGNs) are a type of galaxy hosting a supermassive
black hole in its centre. This object generates a collimated jet where matter is
accelerated to relativistic speeds giving rise to VHE gamma-rays. Depending
on the viewing angle of the jet, AGN can be called BL Lac (if the jet points to
the Earth), quasar and Seyfert-1 or 2 when the jet is observed at a certain
angle, and radio galaxy if the jet is perpendicular to the Earth.

Gamma-ray bursts are energetic explosions whose origin is believed to be the
merger of two compact objects or the explosion of a massive star. Particle
acceleration happens within the generated relativistic jets and during the
interaction of the outburst with the circumburst medium. They can out-shine
any other object in the sky for short periods of time and terminate with a
smoothly-fading episode. In Ch. 2, these objects will be presented in more
detail.

Since the birth of experimental gamma-ray astrophysics, more than 220
sources of galactic and extragalactic origin emitting VHE gamma-rays have
been detected (Wakely et al., 2018). A map with the location of these
detected sources is shown in Fig. 1.6.

Chapter 1 Introduction
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Fig. 1.6.: A compilation of all teraelectronvolt gamma-ray sources detected
up to Dec. 2019. The classification scheme is the same as reported in
TeVCat (http://tevcat.uchicago.edu/). The sub-panel in the upper-
right corner shows the number of sources detected per year under the
same classification scheme

1.3 Intergalactic Absorption of VHE Gamma
Rays

Although gamma rays are undisturbed by magnetic fields through their travel
in the Universe, they can interact with background photons (y;,) via pair
production:

Vokg + Vsource 7 e+ +e—

The cross-section of this process is:

1.3 Intergalactic Absorption of VHE Gamma Rays 17
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1 1+
o = (1 ) [26(52 9+ (B ) (1_@] CRED
where 7 = 307/8 (Nikishov, 1961) and o7 is the Thomson scattering
cross-section. In this expression,

2m2ct

b= J L= Ee(1 —cos (0)) (1.12)

carries the dependence on the scattering angle 6. With ¢ the energy of the
background photon and E the energy of the source photon.

For an isotropic background of photons cos (¢) — 0, 0., = 0.2507 at e£ =
4m?c* and the cross-section is maximised when:

e(B) ~ <”§V> oV,

The inverse proportionality of £ and e implies that background photons of
the lowest energies will scatter preferentially with source photons of the
highest energies. For VHE gamma rays, the interaction will happen with the
Extragalactic Background Light (EBL) (see Dwek et al., 2013 for a review).
The EBL comprises light in the wavelength region of 0.1-1000m (UV, optical
and infrared) originated from all the energy released since the epoch of
recombination. As a consequence, the EBL intensity and spectral shape hold
key insights into the formation of galaxies through cosmic history. Estimations
of the EBL are developed from semi-empirical models or by modelling the
stellar light production and re-processing in galaxies at different redshifts (see
eg. Dominguez et al., 2011; Franceschini et al., 2017; Gilmore et al., 2012).
The EBL spectrum is shown in Fig. 1.7 as a function of background photon
wavelength.

For VHE photons emitted from a source, the interaction with the EBL will

generate a cutoff in the observed spectrum:

Ent(E) - Fobs X e_T(E,z)
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Fig. 1.7.: The EBL spectrum. A compilation of the EBL spectrum measured by
many experiments and inferred from models. The figure is taken from
Dominguez et al., 2011.

where F(F) and F, are the intrinsic and observed spectrum respectively,
and the exponential term is the EBL absorption coefficient. The term 7(F, z)
is the optical depth that depends on the cross-section o, for a source-photon
of energy E, the EBL density, and the distance z to the source. In Fig. 1.8
the absorption coefficient for several redshifts as a function of the energy
of the source photon is shown. The spectral measurement of extragalactic
sources at VHE can be used to probe a substantial part of the EBL spectral
distribution (F. Aharonian et al., 2006a) but it also limits the redshift horizon
in which VHE observatories can detect extragalactic sources. Overcoming
the effect of the EBL absorption requires either extremely bright sources or
instruments with good sensitivity.

1.3 Intergalactic Absorption of VHE Gamma Rays
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Fig. 1.8.: EBL absorption coefficient. The EBL absorption coefficient is shown as
a function of redshift z and energy of the source photon E,. At z = 0.5
~ 99.9% of the emitted photons will get absorbed before arriving to the
Earth. The value of 7(F£,, z) is obtained from Franceschini et al., 2008.

Atmospheric Showers

The Earth’s atmosphere is not transparent to cosmic rays and gammas. When
a particle enters the atmosphere, it will eventually interact with a nucleus
of an atom in the atmosphere. For energies of few tens of GeV, these par-
ticles produce secondary particles travelling at relativistic speeds enclosed
in a laterally extended thin-disk geometry, a phenomenon referred to as
atmospheric shower. By detecting these secondary particles with terrestrial
experiments, it is possible to discriminate between gamma and cosmic-ray
induced showers. The discrimination of gamma-rays from cosmic rays allows
the study of gamma-rays indirectly, as will be explained in Ch. 3.

The physical extension and particle composition of an atmospheric shower de-
pend principally on the characteristics of its primary particle. For atmospheric
showers induced by gamma-rays, a great amount of energy is transferred to
secondary electrons and positrons via pair production. These particles will
produce gamma rays of lower energies via Bremsstrahlung, resulting in a
symmetric distribution of particles (Fig. 1.9). In the Heitler model (Matthews,
2005), particles are considered to be identical and the generation of new
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Fig. 1.9.: Electromagnetic shower. Schematic illustration of an electromagnetic
shower development under the Heitler approximation. A primary gamma
ray interacts with a nucleus in the atmosphere after traversing a length
d = In(2) e, A\e = 37 gcem~2 is the characteristic length to produce a pair
or a photon by Bremsstrahlung. Therefore, at each layer k& the number
of secondary particles is multiplied by 2. The binary splitting of the
shower continues until the last layer k,,,, where ionisation losses start to
dominate.

secondaries occurs at fixed-length intervals. After each interaction length,
the number of particles gets doubled. For £ radiation lengths the number
of particles is N = 2*, each with energy E = FE,/2*. At a given moment, a
critical energy E° where no more particles can be produced is reached. For
electrons in air £ ~ 84 MeV. At this energy, the shower reaches its maximum
development k,,,;.

A theoretical description of the lateral distribution of particles was developed
by Greisen and by Kamata and Nishimura (Greisen, 1952; Kamata et al.,
1958). At each interaction point, the pair production and Bremsstrahlung
generate particles that are not exactly aligned to the primary particle direc-
tion. Coulomb scattering of the electrons and positrons adds a smearing at

1.4 Atmospheric Showers
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the shower front. The density of particles as a function of distance r from the
shower axis is given by the Nishimura-Kamata-Greisen (NKG) function:

po(r) = 27%%0(5) (};I)H (1 + R:)S_g , (1.13)

where N, is the number of electrons in the shower, R,, is the Moliere radius
that includes the Coulomb scattering effect, C'(s) is a normalisation factor
equal to 0.366s%(2.07 — s)* such that [ 27rp(r)dr = N,. The shower age s
starts at s = 0 when the shower is initiated and reaches s = 1 at the shower
maximum.

Hadronic showers (initiated by cosmic rays) are produced via the nuclear
interaction with the nucleus of a molecule in the atmosphere. This leads to
the production of neutral pions (7°), charged pions (%) but also fragments
of the target nucleus (N), neutrons (n), and protons (p). Neutral pions decay
rapidly into gamma rays and produce sub-electromagnetic showers. Charged
pions decay into muons (x*) and muon neutrinos. With a smaller probability,
pions may also decay into electrons or positrons and the respective neutrino
(Fig. 1.10).

Primary hadron

First interaction

Fig. 1.10.: Hadronic shower. Schematic illustration of the development of an
atmospheric shower initiated by a hadron.
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Fig. 1.11.: Development of atmospheric showers. Atmospheric showers simu-
lation with the Monte Carlo package CORSIKA for a primary particle
energy of 300 GeV. Blue colours correspond to electrons and positrons,
green to photons, red to muons and dark-red to protons. The shower
development is tracked from an altitude of 30 km (y-axis) down to
ground level O km. Top panel: Gamma-induced showers display a well-
contained shape with very few fluctuations in each instance. Bottom:
Proton-induced showers, by contrast, fluctuate from one another in
extension and altitude of first interaction. The figure is taken from

De Naurois, 2012.
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Fig. 1.11 shows several Monte Carlo simulations of the development of
an electromagnetic and hadronic shower with primary particle energy of
300 GeV. Clear differences between them can be seen, principally due to
the presence of muons in hadronic showers that tend to swipe out a big
fraction of the total energy to the outer parts of the shower. Electromagnetic
showers, in contrast, have a collimated and compact geometry with few
muons present.

Particles propagating in these atmospheric showers travel at relativistic
speeds and can be detected at the Earth’s surface or in the atmosphere
through the Cherenkov light that they produce as will be discussed in Ch. 3.

Cherenkov Radiation

Cherenkov radiation is light produced when charged particles travel through
a dielectric material faster than the speed of light in that material. This
radiation is the consequence of the relaxation from a dipole state induced by
the traversing charged particle in the atoms and molecules in the medium
(Cherenkov, 1937; Longair, 2011). For particles with a velocity v smaller than
the propagation speed of the emitted electromagnetic waves v, = ¢/n (v <
c¢/n, with c the speed of light and n the refractive index of the medium), the
waves will not add coherently. In the case of particles travelling at relativistic
speeds where v > ¢/n, according to Huygen’s construction, the wave-forms
emitted by the medium will add coherently at a given angle relative to the
particle trajectory, forming a cone of Cherenkov light (Fig. 1.12). The cone
of light will have an opening angle 6. such that

cos (6.) = ¢/(vn) = ——.

bn

For Cherenkov radiation in water, the refraction index is n = 1.33 and the
Cherenkov angle for v ~ cis 41.2°. In the case of air, the Cherenkov angle is
approximately ~ 1.4°, although this number varies since the refraction index
depends on the atmospheric density. The minimum energy that a particle
requires to produce Cherenkov radiation is:
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Fig. 1.12.: Diagram illustrating the Cherenkov radiation. The radiation gen-
erated by the particle passing through the material forms a coherent
wavefront with a conical shape. Adapted from Jackson, 1998.

moc?

V1—n2

with 7,.;, the Lorentz factor of the particle of mass mg. Therefore, parti-

2
Emin = YminMoC =

cles with low mass (such as electrons) tend to be the dominant source of
Cherenkov radiation. For water the energy threshold to emit Cherenkov
radiation corresponds to ~ 775 keV for an electron, ~ 1.42 GeV for a proton
and ~ 160 MeV for a muon. The number of photons produced at a given
wavelength A per unit length z is given by the Frank-Tamm equation:

d’N
dxd)

2y—2 1
=2raZ )\ <1 — W) (1.14)
with « the fine structure constant and Z the charge of the particle. Given
the A\~2? dependence of the spectrum, Cherenkov light will peak at short
wavelengths corresponding to the blue to ultraviolet light. In the atmosphere,
this radiation will scatter on air molecules and aerosols and be absorbed by
ozone, shifting the peak of the spectrum to A ~ 330 nm.

1.5 Cherenkov Radiation
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Introduction

Luckily, astronomers are sometimes not so imaginative with the naming of
astrophysical objects and one instantly imagines what a gamma-ray burst
(GRB) is. GRBs are bright flashes of gamma-rays whose bright emission lasts
from milliseconds up to thousands of seconds. The emission spectrum is
dominated by gamma-rays in the keV to MeV energy range. The burst-like
episode of GRBs is called the prompt phase that is followed by an afterglow
episode in which the emission decreases smoothly with time.

The first detection of a GRB was done by the Vela satellites in the ’60s. This
satellite was meant to monitor the use of nuclear weapons after the Cold
War when the Partial Test Ban Treaty was signed by the US, USSR and UK
governments. The Vela mission, deployed by the US, was a system of orbiting
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satellites and ground monitors. The specific mission deployed as a satellite
was the Vela hotel, sensitive to gamma rays in the energy range from 0.2 to
1.5 MeV.

On the 2nd of July 1967, Vela detected a very bright, yet short, gamma-
ray emission with a signature distinct from that expected from a nuclear
explosion. The years passed and more of these signals were recorded by Vela.
In fact, this first explosion was GRB 670702! and the paper "Observations
of Gamma-ray burst of cosmic origin" published in 1973 provided the first
evidence of the existence of GRBs. In this paper, sixteen bursts detected
by Vela were characterised (Klebesadel et al., 1973). The main striking
conclusions of that paper was the vastly varying characteristics of these GRBs,
with a duration from less than one second up to 30 s, and light curves without
any significant structure nor similarities.

T evolution of the understanding of the GRB characteristics can be under-
stood to be the result of the evolution of the satellites and the observatories
that were deployed after Vela’s discovery to detect them. For a complete
description see Zhang, 2018. The most important findings are:

BATSE (1991-1997) The Burst And Transient Source Experiment (BATSE)
was onboard the Compton Gamma Ray Observatory, launched in April
1991. BATSE was a wide FoV satellite, equipped with two detectors
covering the energy range from 20 keV — 1.9 MeV and 10 keV-100 MeV.
It was the first instrument specifically designed for the study of GRBs,
having a sensitivity of ~ 3 x 107®ergcm~2 for a 1s burst duration.
BATSE detected a total of 2704 GRBs and revealed a non-thermal origin
for the emission.

The angular distribution of the detected GRBs was found to be isotropic,
and the intensity of the bursts was not compatible with a Euclidean
geometry; characteristics easily explained if GRBs happened at cosmo-
logical distances. BATSE also found a significant bimodal distribution
in the GRBs prompt emission duration with a dip at ~ 2s. As a con-
sequence of this finding, GRBs started to be classified as long and
short, based on their prompt emission duration. The emission spectrum

!The naming convention of GRBs corresponds to the year, month and day of detection or
Ty, adding successive letters of the alphabet if more than one is detected in a day
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started to be characterised by the broken power-law function called the
"Band function" (Band et al., 1993).

BeppoSAX/HETE Era (1997-2004) BeppoSax, launched in April 1996, was
a satellite carrying wide-field cameras (2-30 keV) and narrow and wide
FoV instruments including a GRB monitor (40-700 keV). The wide-field
cameras would promptly search for counterparts within the localisation
uncertainty region of burst detected by its own GRB monitor or by
BATSE, improving the localisation measurement. BeppoSAX was the
first instrument to measure the X-ray afterglow in GRB 970228 and
GRB 970508, also detected in the radio and optical bands. With the
localisation of the host galaxy and redshift measurement (z=0.835) of
the latter, the cosmological origin of GRBs, first hinted at by BATSE,
was established.

The High Energy Transient Explorer 2 (HETE-2) (since the first HETE
was lost during launch in 1996), operation between 2000 and 2006.
Together with BeppoSAX, the detection of >100 GRB afterglows and
measurement of the redshift was achieved. The association of long
GRBs with Type Ic supernovae was established with the detection of
GRB 980425, spatially consistent with the SN 1998bw in a host galaxy
at z=0.0085 and with the association of GRB 030329 with SN 2003dh
located at z=0.167. The abundance of multi-wavelength afterglow data
in this era allowed a deep understanding of the emission mechanisms
is GRBs.

Swift Era (2004-) The Swift satellite was launched in November 2004. It
is equipped with three instruments, a wide FoV Burst Alert Telescope
(BAT), a narrow FoV X-ray Telescope (XRT) and an UV-Optical tele-
scope (UVOT). The BAT (15-350keV) has a 1.4 sr FoV and serves to
locate promptly any new GRB in its field with a localisation uncertainty
of few arc-mins. The XRT having a 23.6’x36.6’ FoV, slews to these
locations, and with a sensitivity of ~ 2x107!* erg cm™2 s™! in ~10%s
of integration, is capable of detecting the afterglow of most of the
GRBs located by BAT. In the same way, UVOT can detect the UV and
optical counterpart of most of these GRBs thanks to its 170-650 nm
bandpass and sensitivity down to magnitude 23 in white light in 10%s
of integration.
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Swift has been capable of detecting a huge variety of GRBs, from short
to ultra-long ones. Thanks to the identification of the host galaxy of
several short GRBs, these have been identified as a different population,
distinct from long GRBs, originated from the coalescence of compact
objects such as binary neutron stars (NS-NS) or a neutron star and
a black hole (NS-BH). At the same time, with the detection of many
peculiar GRBs, it has been found that the naive classification of GRBs
based on their duration is not sufficient to identify their origin. Long-
duration GRBs without any SN association or short GRBs exhibiting
characteristics of the long-duration population have been detected.

The abundance of afterglow data collected by Swift-XRT has allowed
the discovery of a canonical afterglow light curve. Swift has located
the most distant GRBs (GRB 090423 at z=8.2 and GRB 090429B at
z=9.4), allowing the use of GRBs as cosmological probes.

Fermi Era (2008— ) The Fermi Gamma-Ray Space Telescope (FGST,Fermi)

was launched in June 2008. It is equipped with a wide-field Gamma-ray
burst Monitor (GBM, 8 keV-40 MeV), with a sensitivity of 0.5 cm 25!
in the energy range of 50-300keV. GBM scans the whole sky (not
occulted by the Earth) in the search for GRB events, locating them with
a typical uncertainty of few degrees. The Large Area Telescope (LAT,
20 MeV-300 GeV) with a FoV >2 sr searches for the corresponding HE
gamma-ray emission of GRBs located by GBM and Swift.

Combining observations by GBM and LAT, it is possible to cover roughly
7 decades in energy, which has provided important insights into the
spectral characteristics of GRBs. Among the important findings of
Fermi is the detection of an additional spectral component, besides the
Band function, observed in bright GRBs detected by LAT. This points
to an external-shock origin for the >100MeV emission. Generally,
only very-bright bursts detected by GBM are also detected by LAT,
roughly 4% of the total. The high energy emission (above 100 MeV)
is found to be systematically delayed by up to 40 seconds compared
to the keV-MeV emission, and it is also seen to last longer, with a
characteristic power-law decay of the emission with time (Fxt™®, with F
the energy flux). In some GRBs, LAT has detected photons with energies
in the GRB rest frame above 100 GeV (GRB 080916C, GRB 090510
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and GRB 130427A) posing hard constraints on the particle acceleration
and radiation mechanisms of relativistic shocks believed to be present
in GRBs, as well as on the effect of the flux attenuation due to the
extragalactic background light (EBL).

The Multi-Messenger and VHE Era (2017— ) The multi-messenger era com-
prises the search (and detection) of neutrinos and gravitational waves
(GWs), believed to be emitted from GRBs. Up to now, the IceCube
neutrino observatory, located in the south pole, has searched for TeV—
PeV neutrinos of the three flavours (electron, muon and tau neutrinos)
temporally and spatially consistent with GRBs detected by other in-
struments, without any positive detection. These observations have
constrained the production of neutrinos and ultra-high energy cosmic
rays in GRBs (Aartsen et al., 2016).

The multi-messenger era began with the detection by Advanced LIGO
and Virgo of the NS-NS merger event GW170817 associated with the
low-luminosity GRB 170817A (Abbott et al., 2017) detected in X-ray,
optical and radio bands and localised in the galaxy NGC 4993 at a
distance of ~40 Mpc.

The VHE era began in 2018 with the detection of GRB 180720B
by the H.E.S.S. telescopes (see Ch. 5) followed by the detection of
GRB 190114C by the MAGIC telescopes (Acciari et al., 2019). These
detections confirmed the presence of VHE photons in the afterglow and
late-prompt phases and will be discussed in further detail in Sec. 2.6
and Ch. 5.

In th