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Science is a wonderful thing if one does not have to earn a living at it. One
should earn one’s living by work of which one is sure one is capable. Only when

we do not have to be accountable to anyone can we find joy in scientific endeavor.
A. Einstein
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Résumé

Le Système Stéréoscopique à Haute Energie H.E.S.S. est l’un des trois grands
réseaux de Télescopes à Imagerie Tcherenkov Atmosphérique (IACT) opérationnels
et est situé en Namibie à une altitude de 1800 m. Ces réseaux sont conçus pour
détecter indirectement des photons aux énergies les plus hautes couramment ob-
servables, appelés rayons gamma, créés par les phénomènes cosmiques les plus
violents comme des supernovæ, des pulsars, des trous noirs accrétants et des sur-
sauts gamma. Pour des particules avec de telles énergies, l’atmosphère constitue un
calorimètre, ce qui signifie qu’une particule dépose son énergie dans l’atmosphère
et qu’on peut la mesurer. Les rayons gamma entrant dans l’atmosphère créent
donc des gerbes de particules constituées de milliards de particules secondaires.
Celles qui sont chargées émettent du rayonnement Tcherenkov qui peut être en-
registrée par les IACTs. H.E.S.S. est constitué de cinq télescopes, dont quatre avec
un miroir segmenté de forme hexagonale de 12 m de diamètre et un avec une forme
presque rectangulaire avec un diamètre de 28 m. Pour pouvoir mesurer précisé-
ment l’énergie des photons gamma, il est indispensable de calibrer les télescopes
individuellement, mais aussi de les inter-calibrer.

La première partie de cette thèse propose une nouvelle méthode pour déter-
miner les efficacités optiques relatives des télescopes du réseau H.E.S.S. Celle-ci
est basée sur un drone volant au-dessus du réseau et éclairant les télescopes avec
une source de lumière pulsée. Cette méthode permet, contrairement à celle util-
isée jusqu’alors, de mesurer la dépendance à la longueur d’onde des efficacités. Ce
point sera important pour les réseaux futurs comme CTA constitués de plusieurs
types de télescopes et qui devraient avoir une précision et sensitivité sans précé-
dent. Cette thèse discute les résultats d’une première campagne d’inter-calibration
et démontre que cette méthode permet d’inter-calibrer les télescopes de H.E.S.S.
Additionnellement, elle montre qu’il est possible d’utiliser les mêmes données des
observations avec un drone pour vérifier l’horodatage et les corrections de pointé de
H.E.S.S., qui sont nécessaires car le pointé est imparfait à cause de la déformation
du sol et de la structure du télescope sous son propre poids.

La seconde partie de cette thèse discute la recherche d’émission gamma dif-
fuse en provenance du Grand Nuage de Magellan. Il s’agit d’une galaxie naine
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vi RÉSUMÉ

qui, à l’instar de la Voie Lactée, contient non seulement des étoiles mais égale-
ment des rayons cosmique (protons et électrons principalement) et de la matière
interstellaire. Outre les sources astrophysiques, on attend également une émis-
sion diffuse interstellaire produite par les interactions de ces particules avec le gaz
interstellaire et les champs de rayonnement. Cette émission diffuse interstellaire
constitue d’ailleurs le signal principal détecté par des satellites gamma sensibles à
la partie basse énergie du spectre gamma (énergies GeV). L’étude de cette émis-
sion diffuse interstellaire est particulièrement intéressante, car elle permet de car-
actériser tous les processus reliés à sa production et nous ouvre ainsi une voie
supplémentaire vers le spectre des rayons cosmiques, la distribution de gaz dans
les galaxies et la population d’électrons accélérés proche de sources potentielle-
ment non-découvertes, mais aussi parce qu’elle constitue un fond pour toutes les
détections de sources. J’utilise une nouvelle méthode de soustraction de fond,
initialement développé pour la détection d’émission diffuse interstellaire dans la
Voie Lactée, et basée sur des simulations Monte Carlo observation-par-observation
incluant tous les paramètres et conditions d’observations pertinents (simulations
«run-wise ») du fond attendu. Ensuite, je soustrais ce fond entièrement simulé
des données observées après avoir ajusté sa normalization avec un maximum de
vraisemblance. Enfin, j’ajuste l’émission résiduelle sur les données en utilisant un
maximum de vraisemblance (en gardant les sources connues masquées). Ceci mène
à l’émergence d’une composante d’émission étendue près de N 157B qui pourrait
être due à l’émission diffuse interstellaire, et constituer ainsi sa première détec-
tion avec un IACT. Une autre raison possible serait la contribution de sources
non-résolues.



Preface

The origin of the term astronomy comes from ancient greek and literally means
the study of the stars, which is what has been mostly observed by astronomers for
millennia beside a few objects in our local solar system. However, quite recently
compared to the millennia of astronomical observations, new techniques to gather
astronomical information, beside the human eye, were developed. This has led to
a drastic increase of available information and to the discovery of numerous new
objects and the scope of astronomy started to extend beyond stars. Indeed, these
new detection techniques allowed the spectral range of available information to be
extended beyond visible light to the whole range extending from the radio band
to gamma rays. Detectors of new messengers, beside photons (i.e., the quanta
of the light), carrying astronomical information, such as charged particles and
more recently neutrinos and gravitational waves became available. I obtained the
findings presented in this thesis using very-high-energy photons called gamma rays
detected with H.E.S.S., an Imaging Atmospheric Cherenkov Telescope, a type of
instrument which will be described later on.

These Imaging Atmospheric Cherenkov Telescopes have so far mostly detected
individual, localized sources, similar to the stars observed for millennia. However,
beside their emission, one also expects very extended interstellar diffuse emission,
which is produced by the interaction of very-high-energy particles in the inter-
stellar medium producing photons. This diffuse emission has been detected at
lower energies, but so far not with Imaging Atmospheric Cherenkov Telescopes.
The search for diffuse emission is one of the main focuses of this work. A sec-
ond focus is on a novel calibration method to inter-calibrate the telescopes of a
Cherenkov Telescope array with the help of an unmanned aerial vehicle (UAV). A
good inter-calibration becomes more and more crucial as bigger arrays containing
more telescopes are designed in order to increase sensitivity, energy and angular
resolution.

In order to present my two projects, the first chapter of this thesis gives a
general introduction on gamma-ray astronomy to describe the physics involved.
I start by describing cosmic rays, their production and then the production of
gamma rays, which is what is detected by Imaging Atmospheric Cherenkov Tele-
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viii PREFACE

scopes, from these cosmic rays. Then, I introduce some of the observed sources
and the detection of gamma rays, focusing on Cherenkov Telescopes, but also dis-
cussing other detection techniques. In the second chapter, I describe the H.E.S.S.
telescope, its calibration and the analysis of H.E.S.S. data in order to have a solid
basis to discuss a novel calibration technique and a novel detection technique used
in the search of diffuse emission. In the third chapter, I discuss the optimiza-
tion of the conventional muon-based optical efficiency calibration method at high
zenith angles. During the test of the novel UAV-based optical efficiency calibra-
tion method, an anomalous zenith angle dependence has been discovered in this
muon-based method which I have solved. Chapter four then discusses my work on
the UAV calibration method in detail, i.e., the calibration of the UAV data, the
Monte Carlo simulation I wrote for the UAV calibration, and finally the analysis
procedure of the UAV data. Then, it discusses further uses of the UAV calibration
data, namely the verification of the pointing corrections and the time stamping of
H.E.S.S. Finally, I present and discuss the results of the successful UAV calibra-
tion campaign. In chapter five, I first give a general introduction on interstellar
diffuse emission and present the novel analysis method I use for my work on diffuse
emission in the Large Magellanic Cloud. This analysis method, developed recently
within the H.E.S.S. collaboration, is based on the run-wise simulation method and
the generation of instrument response functions and background models from these
run-wise simulations. In chapter six, I present my work on diffuse emission in the
Large Magellanic Cloud and apply this novel analysis method to Large Magellanic
Cloud data. First, I characterize the used datasets. Finally, I present and discuss
the obtained results and their physical interpretation. In chapter seven, I shortly
describe the perspectives of this work.

Chapter one and two are a general introduction to the topic of gamma-ray
astronomy and H.E.S.S. and chapter five constitutes an introduction to interstellar
diffuse emission and the run-wise analysis method, whereas the other chapters
focus on my work. For chapter three, I discovered the zenith angle dependence, its
implications, the difference in the zenith angle distribution for high and low zenith
angle runs and the necessity to over-work the events selection. In chapter four, I
took care of the data analysis of the UAV calibration data which were taken by my
collaborators. I presented my work on this at the 37th International Cosmic Ray
Conference and submitted a paper to Astroparticle Physics which describes the
same analysis as described in chapter four of this thesis and is content-wise very
similar. In chapter six, I applied the novel analysis method to the Large and Small
Magellanic Cloud dataset and performed the systematic studies on the Centaurus
A and NGC 253 datasets.



Chapter 1

Very-high-energy gamma-ray
astronomy

Humans have made astronomical observations for more than ten thousands of
years; references to stellar constellations can already be found in the oldest cave
paintings from stone age. However, until less than 250 years ago, researchers used
only their eyes as detectors for cosmic radiation and were thus limited to observ-
ing photons in the very limited spectral range of visible light (approx. 1.65 eV -
3.26 eV). Only in 1800, did William Herschel discovered the first radiation of a
celestial body in the non-visible spectrum, namely infrared light from the sun, with
the help of a prism and a thermometer [1]. It then took another 130 years until
observations extended further into the non-visible wavelengths, with the advent
of radio-telescopes. With the advent of balloons and satellites, observations could
be extended to electromagnetic radiation to which the earth atmosphere is opaque
(which is the case for most spectral ranges as illustrated in figure 1.1) and so more
and more spectral regions could be covered until gamma-ray energies were reached
(>50 MeV) in 1967 with the OSO-3 satellite [2].

The visible light emitted by the sun and the stars, which has been (beside
the reflection of this light by other objects) the only source of information about
the objects in the sky for almost all human history, is thermal radiation. To a
first approximation, it follows a black-body spectrum which is continuous and
only depends on the temperature of the emitting object. The peak energy of this
spectrum increases with temperature. Gamma rays do not arise from thermal
radiation, since there are no objects hot enough to produce light at such high
energies in our Universe. Indeed, temperatures of 1× 1015 K would be needed to
reach a peak energy of about 1 TeV, and even to reach peak energies of 1 MeV,
temperaures of 1× 1012 K would already be necessary. This is about 1× 1012

respectively 1× 109 times the temperature of the sun which has a peak energy
in the eV range and follows from Wien’s displacement law according to which

1



2 CHAPTER 1. VERY-HIGH-ENERGY GAMMA-RAY ASTRONOMY

Figure 1.1: Atmospheric absorption as a function of wavelength. The atmosphere is
only transparent to very limited wavelength range, making the use of balloons and
satellites necessary for numerous astronomical observations. Reproduced from [4]

the peak energy is proportional to the temperature [3]. Instead, gamma rays are
produced in non-thermal processes due to interactions of extremely high energy
particles and so provide information about their acceleration mechanisms. These
interactions can happen either at the source or in the interstellar medium, in which
case the particles are called cosmic rays.

This chapter first introduces the history of the discovery of cosmic rays and
discusses the main observational evidences for their presence, then the mechanisms
which accelerate cosmic rays to such high energies so that they can produce gamma
rays and produce gamma rays. Then, it introduces the most important cosmic
sources of gamma rays and discuss the detection techniques for gamma rays.

1.1 Cosmic rays

In 1900, Charles Thomson Rees Wilson designed the first cloud chamber when
trying to understand the formation of clouds [5]. Cloud chambers are sealed boxes
filled with a supersaturated vapour. When an energetic charged particle passes
through such a cloud chamber, it ionizes the gas and vapour condenses around
the so formed ions leading to a visible particle trail. Thus, cloud chambers allow
charged particles passing them to be visualized. What he did not know at that
time, was that cloud chambers not only allow charged particles from radioactive
sources to be recorded when they are brought close enough, but that they are also
well suited to observe cosmic rays coming from astronomical sources. The presence
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of these cosmic rays was only discovered in 1912 by Victor Hess in a balloon
experiment in which he ascended to 5330 m in altitude [6]. He showed that the
number of charged particles (which he detected by the spontaneous discharge of an
electroscope) increases with altitude and so that they are very likely from extra-
terrestrial origin, a discovery for which he was awarded the physics Nobel prize in
1936. In 1932, Carl David Anderson discovered the positron in cosmic rays [7].
He used an improved version of the cloud chamber developed by Wilson in which
a magnetic field allowed the charge of the measured particles to be determined by
the bending of the tracks they leave in the cloud chamber. In 1936, he discovered,
together with Seth Neddermeyer, a negatively charged particle 200 times heavier
than the electron which is nowadays known as muon [8]. In 1952, the first artificial
accelerators reaching GeV energies were built [9] leading to particle physics and
new particle discoveries being mostly undertaken in these facilities and allowing
cosmic ray physicists to focus on astronomical questions.

Nowadays, cosmic rays have been well studied. They are constituted of charged
particles. Due to turbulent galactic magnetic fields, they reach the Earth almost
uniformly from all directions, except possibly at the highest energies, and so indi-
vidual sources of cosmic rays cannot be determined by direct measurement. How-
ever, once they are near to Earth, its magnetic field is deviating the cosmic rays
leading to a non-isotropic arrival of cosmic rays on the Earth: There are less cos-
mic rays arriving at the equator than at the poles due to the "latitude effect" [10]
and there is a slight East-West asymmetry [11].

The energy spectrum (i.e., the distribution of energy) of cosmic rays has been
measured over more than 12 orders of magnitude. Figure 1.2 shows the measured
(all-particle) cosmic ray flux as a function of energy; it is power-law-like, with
however a few distinctive features. First, there is a modulation at the lowest
energies of the spectrum which is due to solar winds ("solar modulation") which
is not intrinsic to cosmic ray production but to local observation conditions [13].
Then, there are at least two breaks or changes of photon index in the spectrum:
One at about 5× 1015 eV called the "knee" and one at about 5× 1018 eV called the
"ankle" [14]. Additionally, there is increasing evidence for a third spectral break
at around 4× 1017 eV called the "second knee" [15] and new CALET and DAMPE
data seem to indicate a much finer structure with at least two more breaks as will be
discussed later on when discussing the indivual species contributing to the cosmic
ray spectrum [16]. These breaks in the spectrum are usually interpreted as being
due to a change of the major contributing acceleration mechanism and source
population around these energies. So, it is believed that the main contribution
comes from galactic sources below the knee and from extragalactic sources above
the ankle and that there is a transition in-between.

That there is such a transition at some energy is suggested by low energy cosmic
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Figure 1.2: All-particle cosmic-ray spectrum measured by different experiments. The
spectrum almost follows a power-law, but has some distinctive features: First of all,
there is the solar modulation at low energies (which cannot be seen on the figure as it is
at lower energies), then three spectral breaks (whereof the second one is not yet fully
confirmed), called "knee", "second knee" and "ankle", and finally the theoretically
predicted GZK cut-off at very high energies due to interaction of the cosmic rays with
the cosmic microwave background. Reproduced from [12]
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rays having a Galactic origin (as the cosmic ray density is different in the Milky
Way than in the Magellanic Clouds [18]), and high energy cosmic rays almost
certainly having an extra-galactic origin as their arrival directions on Earth have
a large-scale anisotropy not correlated with any galactic feature above the scale of
EeV [17].

This spectrum also shows that the flux of cosmic rays is decreasing extremely
with energy: whereas one particle per second per square meter reaches Earth at
energies of about 1× 1011 eV, there is only one particle per year per square me-
ter at the knee and one particle per hundred thousand years per square metre at
1× 1020 eV, leading to the need for a strong increase of detector effective areas with
energy to still have sensible rates. Here the effective area is defined as the equiva-
lent area over which all particles would be detected, i. e., all the area over which
particles could be detected multiplied by the local sensitivities. The effective area
can depend on particle properties such as their energy. In addition, cosmic rays
above 1× 1020 eV are expected to interact with the cosmic microwave background
(CMB) making them lose energy (Greisen-Zatsepin-Kuzmin effect) [19] and so to
reach Earth with lower energy (except if they come from very close sources). This
is expected to lead to a cut-off in the spectrum at these energies.

This all-particle cosmic ray spectrum is the sum of the spectra from different
particle species. Even though cosmic rays are mostly protons, which constitute
89 % of the cosmic rays reaching Earth, 10 % of the cosmic rays are helium nuclei,
with heavier nuclei up to uranium also contributing to these cosmic rays at a lower
fraction [20]. Beside this hadronic component (i.e., the component constituted
of nuclei), electrons and positrons are also part of the cosmic rays to a lesser
fraction. One can also determine the spectrum of all these individual components.
However, this is not possible over the whole energy range shown in figure 1.2, as
the number of high energy particles of a given species is even further reduced by
its composition fraction at the given energy. This individual particle cosmic ray
spectra are shown on a smaller energy range for protons, helium, carbon, oxygen,
neon, magnesium, silicon and iron in figure 1.3. The spectra seem to have a similar
shape for all species. However, a closer investigation shows that the shapes of the
individual species show small differences, and unexpected changes of slopes [15].
Indeed, recent CALET and DAMPE data show that both the proton and helium
spectra have a break at around 500 GeV per nucleon and a break at around 10 TeV
per nucleon which propagates to the all-particle spectrum as its main constituent
are protons [16]. For the heavier nuclei, novel AMS results were presented at
the International Cosmic Ray Conference 2021. They first of all confirmed a
different behaviour of primary particle directly emitted by cosmic ray sources such
as the already discussed helium, and carbon and oxygen and secondary particles
produced in the interactions of these primary particles such as lithium, beryllium
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Figure 1.3: Spectrum of the individual elements constituting the cosmic rays as mea-
sured by different experiments. The shape is different from the all-particle spectrum
due to the multiplication by E3 of the ordinate axis and the spectra of the individual
elements have only been measured up to lower energies. The energy range reaches
almost the ankle for the proton, helium, carbon, silicon and iron primaries whereas
oxygen, neon and magnesium are only shown for lower energies. The red line is the
prediction of a model which assumes the cosmic rays in this energy range being origi-
nating from galactic supernova remnants. Reproduced from [15]
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and boron. Indeed, the aforementioned break is much stronger for the secondary
particles than for primary particles which is most likely due to a propagation effect
such as a change of the diffusion coefficient at the break energy. However, they
also showed that whereas the spectra of the primary particles of helium, carbon
and oxygen are well in agreement with each other and the spectra of the primary
particles neon, magnesium and silicon are well in agreement with each other, there
is a discrepancy between the spectra of these two categories which could be an
indication for different injection sources. Fluor showed the typical spectrum in
agreement with a secondary particle, whereas nitrogen, sodium and aluminium
seem to be a mixture of a secondary and primary spectrum which seems to indicate
that they are produced directly in sources as well as during propagation. For the
leptonic component of the spectrum, first of all the electron spectrum shows a
break at around 1 TeV. However, more interestingly, new PAMELA measurements
of the positron fraction in the all-electron and -positron flux, confirmed an excess in
positrons over a pure secondary productions in the interstellar medium, indicating
the presence of sources injecting primary positrons.

These results are in tension with the simple view that the whole spectrum is
explained by a single galactic component, which is thought to be due to emission
from supernova remnants, and a single extra-galactic component. Indeed, models
with at least a second galactic cosmic ray component, for which one explanation
could be supernova explosions of Wolf-Rayet stars, seem to be preferred. In this
model supernova remnants would dominate the cosmic ray spectrum up to the
first knee, then Wolf-Rayet would dominate up to the second knee and for higher
energies the extra-galactic component would dominate [12]. These indications for
a complex model show that, even more than hundred years after the discovery of
cosmic rays, the cosmic ray spectrum has not yet revealed all its secrets and that
there is still ample room for discoveries.

1.2 Acceleration mechanisms of cosmic rays

After having discussed in detail the observation results on cosmic rays, this sec-
tion explains how these charged particles can even reach such high energies and
considers two acceleration mechanisms, initially developed by Enrico Fermi, and
subsequently improved with time.

1.2.1 Second order Fermi acceleration

Second-order Fermi acceleration [21] considers completely ionized interstellar clouds
which are magnetized. If a charged particle enters such a cloud which is moving
with a velocity V (in the galactic reference system), it interacts elastically inside
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Figure 1.4: Illustration of first order Fermi acceleration principle in the shock rest
frame. The unshocked upstream medium has a speed v1 in this frame and the already
shocked downstream medium a speed v2. In red the path of a particle passing the
shock front multiple times and so being accelerated to high energies is illustrated.

the cloud. These interactions lead (in the galactic system) to an acceleration of
particles entering head-on into the cloud and to a deceleration of particles entering
from the back. As head-on collisions are more frequent, the particles gain energy
on average energy and the average relative energy gain is:

〈
∆E
E

〉
= 4

3

(
V
c

)2, where c
denotes the speed of light in vacuum (as it will throughout the whole thesis). This
energy gain is of second order with respect to the diffusion speed of the clouds
which means that the average energy gain is proportional to the squared speed.
This leads to this mechanism often being inefficient as this diffusion speed is often
much smaller than the speed of light (V/c << 1).

1.2.2 First order Fermi acceleration

For first order Fermi acceleration [22], one considers a diffuse plasma medium
through which a strong shock wave propagates. In the shock rest frame, the
velocity of the upstream gas (i.e., in front of the shock) is v1 and that of the
downstream gas (i.e., the gas that has passed through the shock) v2. As the shock
decelerates the upstream gas (in the shock rest frame), v2 is smaller than v1 and
it can be shown that for a mono-atomic gas and a strong shock v1 = 4v2. This
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follows from the Rankine-Hugoniot conditions, i.e., mass conservation, momentum
conservation and energy conservation [23]. This situation is illustrated in figure
1.4.

Now we consider energetic particles upstream of the shock, isotropic in the
rest frame of the upstream medium. If they cross the shock, they have in average
a higher speed with respect to the downstream rest frame, as they pass from
a medium in which they were isotropic to a medium in which they have a net
velocity. Behind the shock the particles scatter in the downstream medium and
become isotropic in the rest frame of the downstream medium. There is a non-zero
probability that the particles cross the shock a second time from the downstream
to the upstream medium, gaining speed again and becoming isotropic in the rest
frame of the upstream medium due to scattering. At each cycle some particles
escape the shock region, and so fewer particles of the initial population participate
in each cycle. The average relative energy gain per cycle (i.e., for a crossing in both
directions) is

〈
∆E
E

〉
= 4

3
v1−v2
c

, meaning that this process is a first order process,
in which the average energy gain is proportional to the speed. This process is
much more efficient than second order processes for perturbation speeds which are
often much smaller than the speed of light, such as for example in the shocks of
supernova remnants and galaxy clusters [24]. Under the most extreme conditions,
such as for gamma-ray bursts or active galactic nuclei, however, relativistic shocks
are common [24].

To get the energy spectrum of the particle accelerated with this process, one
needs to consider the escape probability for each cycle due to advection in the
downstream plasma. It can be obtained from conservation laws and depends on
the properties of the medium. It can be written as Pesc = v1

c
for a mono-atomic gas.

This leads to a power-law spectrum for the energy distribution of the accelerated
particles:

dN

dE
∝ E

−1+ lnPesc

ln(1+
v1−v2

c ) ≈ E−2, (1.1)

where N is the number of particles accelerated to a final given energy E before
escaping. The last approximation uses again the Rankine-Hugoniot conditions
for a monoatomic gas in a strong shock and so it only holds under these circum-
stances. The accelerated charged particles often then interact with surrounding
electromagnetic fields and particles through diffusion. This leads in general to a
softer (higher photon index) spectrum.

1.2.3 Maximum Energy

The previously described first order Fermi acceleration was considering an idealized
system where particles cannot move laterally out of the shock region and which is
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stable over all time. However, in reality the shock has a limited size and conditions
are not stable over time. A first limitation on the maximum energy which can be
reached in a limited size acceleration region is that the orbits on which the particles
are cannot be bigger than the size of the region. Otherwise they are not confined.
In magnetic fields, this orbit is defined by the Larmor radius RL. It describes the
radius of the circular movement of a charged particle in such a field. It must be
smaller than the size of the acceleration region R leading to a maximum achievable
energy of Emax = ΓRceZB. Here e is the elementary charge (i.e., the magnitude
of the charge carried by an electron), Z is the charge number of the accelerated
particles, B the magnetic field strength and Γ the Doppler factor accounting for
the speed of the acceleration region. This maximum energy criterion is known as
the Hillas criterion [25].

Beside the size of the acceleration region, there are additional criteria which
need to be taken into account:

• The acceleration time scale: acceleration of particles to very high energy
can take a long time compared to the life-time of cosmic accelerators. No
energies can be reached for which the acceleration would take longer than
the age of the system.

• The cooling time scale: during acceleration processes, there are conflicting
processes which lead to an energy loss of particles such as synchrotron radia-
tion, inverse Compton scattering or Bremsstrahlung radiation1, which often
become more important with increasing energy. Once particles start to lose
energy at a rate equivalent to that at which they gain energy through the
acceleration process, no further acceleration is possible.

• The escape time scale: as already discussed (and taken into account) for the
first order Fermi acceleration, particles constantly escape the acceleration
regions. This also sets limits on the maximum energy as escaped particles are
not further accelerated. So, the number of particles still in the acceleration
region decreases with energy.

1.2.4 Beyond the test-particle regime: Modern Diffuse Shock
Acceleration (DSA)

All the discussion in this section has so far been in a "test particle" regime. This
means that the implicit assumption was that the acceleration of particles has no
effect on the system. This is not true, in reality, there is a retro-action between
the accelerated particles and the system as energy in the system is passed to the

1These processes are described in more detail in section 1.3
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accelerated particles. This leads to changes in the system which need to be taken
into account. They might render acceleration more or less efficient or even reduce
the life-time of the acceleration system. Among other the potential formation of
a shock precursor might contribute to this [26]. In more recent works on diffuse
shock acceleration (DSA), based on Fermi acceleration, all these factors have been
accounted for, leading to models which seem to better describe particle acceleration
in astrophysical systems such as supernovae [26, 27].

1.3 Production of gamma rays

This section discusses how gamma rays are produced from high energy cosmic
rays after having described their acceleration in the previous subsection. One
distinguishes two different classes of gamma-ray production processes depending
on the type of charged particles from which the gamma rays originate: in leptonic
processes the gamma rays are produced from electrons and positrons, whereas in
hadronic processes they are produced from protons (and, to a much smaller extent,
from heavier nuclei). The main leptonic processes described below are synchrotron
radiation, Bremsstrahlung, inverse Compton scattering and curvature radiation,
whereas the main hadronic process is based on hadron collisions producing pions
which subsequently decay.

1.3.1 Synchrotron radiation

Synchrotron radiation is produced when charged particles are accelerated2 perpen-
dicularly to their direction of propagation. In the processes relevant to astronomy,
it is produced by high energy electrons and positrons accelerated by a magnetic
field. The rate of energy loss of an isotropic population of charged particles (and
so, the rate of emission of energy in photons) due to synchrotron radiation is:

−dE
dt

=
4

3
σT c

B2

2µ0

(v
c

)2

γ2, (1.2)

where σT is the Thomson scattering cross-section, B the magnetic field which ac-
celerates the particles, µ0 the vacuum permeability, and v and γ the speed and
Lorentz factor of the particles. If the spectral distribution of the charged particle
population follows a power-law with photon index3 α, the produced gamma rays
follow a power-law with photon index 1/2(1 + α). This means that the produced

2Here acceleration means a change of velocity. The speed is left unchanged for a radial
acceleration, it is only the velocity direction which changes.

3For a power-law spectrum of the form dN/dE ∝ E−α or a spectrum containing such a
power-law factor, α is called the photon index.
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Figure 1.5: Illustration of the shape of the shape of the produced spectrum for the
different acceleration mechanisms described in this section. Reproduced from [28]

gamma-ray spectrum is harder than the charged electron/positron parent spec-
trum, i.e., less steep. The shape of such a synchrotron spectrum is shown in figure
1.5.

However as can be seen from equation 1.2, the emission of synchrotron radiation
leads to an energy loss of the particles in the parent distribution. This leads to a
cooling time inversely proportional to the energy and the square of the magnetic
field. This dependence with energy means that high energy particles cool down
faster than low energy particles and get depleted earlier if they are not constantly
resupplied. This can lead to a spectral cut-off in synchrotron spectrum from which
the depletion of the parent electron/positron population can be assessed and so
further information of its injection and surroundings can be gained.

Synchrotron emission has been observed in astrophysical sources from radio to
low-energy gamma rays. Synchrotron radiation is characteristically polarized.

1.3.2 Bremsstrahlung

Bremsstrahlung radiation is produced by the interaction of an electron or a positron
with the Coulomb field of an atomic nucleus. The rate of energy loss for a par-
ticle population is proportional to the energy of the particles. It follows that the
photon index of the produced photon population is the same as that of the parent
particle distribution. On average the photons produced in the Bremsstrahlung
process have a third of the energy of the initial electrons or positrons. The shape
of a Bremsstrahlung spectrum is also illustrated in figure 1.5.
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1.3.3 Inverse Compton Scattering

In inverse Compton scattering, a high-energy electron or positron scatters on a low
energy photon leading to an increase of energy for the photon and a decrease of
energy for the charged particle. The cross-section for this process can be written
in form of the unpolarized Klein-Nishina formula [29]:

dσ

d cos θ
=

3

4
σT
ε2f
ε2i

(
εi
εf

+
εf
εi
− sin2 θ

)
, (1.3)

where σT is the Thomson cross section, εi and εf the initial and final energy of the
photon and the scattering angle θ the angular change of direction of the photon.
From simple kinematics considerations, the final energy εf only depends on the
initial energy εi and θ:

εf =
εi

1 + εi
mec2

(1− cos θ)
, (1.4)

where me is the electron mass (which has the same mass as a positron).
One usually distinguishes two regimes: the low energy (εi << mec

2) or "Thom-
son" regime in which the scattering is almost elastic (εi ≈ εf ) and the cross-section
reduces to the Thomson cross section:

σ ≈ σT (1− 2x) ≈ σT , (1.5)

where x = εi
mec2

, and the ultra-relativistic "Klein-Nishina" regime (εi >> mec
2) in

which the cross-section can be approximated by:

σ ≈ 3

8
σT

1

x

(
ln(2x) +

1

2

)
. (1.6)

Whereas the cross-section is almost constant with energy in the Thomson regime, it
falls off rapidly in the Klein-Nishina regime leading to a steepening of the spectrum.
Indeed, an electron population with a power-law spectrum with photon index α
produces a gamma-ray power-law spectrum with photon index (1 + α)/2 in the
Thomson regime and to the following more complex spectrum in the Klein-Nishina
regime: dNγ/dEγ ∝ E

−(α+1)
γ ln(x + const). In the Thomson regime, the rate of

energy loss due to inverse Compton scattering of a single accelerated electron can
be written as:

−dE
dt

=
4

3
σT cUγ

(v
c

)2

γ2. (1.7)

There is therefore an easy relation between the power radiated in inverse Compton
radiation PIC and the power radiated in synchrotron radiation Psync based on the
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energy density in the radiation field (low energy photons on which the electrons
scatter) Uγ and the energy density in the magnetic field UB = B2/(2µ0):

PIC
Psync

=
Uγ
UB

. (1.8)

In astrophysical sources, a process dubbed as synchrotron self-Compton con-
siders a population of low energy photons that are produced through synchrotron
radiation by high energy electrons moving through a magnetic field. Then, the
same population of electrons interact with these low energy photons producing
high energy photons through inverse Compton scattering. This leads to a typical
two peak spectral energy distribution (SED, i.e., the spectrum over a big wave-
length range reconstructed with multiple instruments), where one peak is due to
the synchrotron radiation and the other one to the inverse Compton scattering
as illustrated in figure 1.5 considering both synchrotron component (green curve)
and the inverse Compton component (blue curve).

1.3.4 Curvature radiation

Curvature radiation [30] is produced when particles travel through a curved mag-
netic field and follow its field lines. In moderate magnetic fields the pitch angle
between the magnetic field and the particle velocity changes slowly, which is why
for synchrotron calculations often the initial pitch angle is used [31]. However, in
strong magnetic fields the situation is very different as there the pitch angle can
be reduced by orders of magnitude in very short timescales due to the damping
of perpendicular motion during radiation making it necessary to consider the evo-
lution of the pitch angle. This leads to the transition to the curvature radiation
regime. Both the synchrotron and the curvature regime are approximations of the
general description of a charged particle moving through a magnetic field which
produces so-called synchro-curvature radiation. This curvature radiation is very
relevant for some gamma-ray sources, such as pulsars (described in section 1.4). It
is however not relevant for any study presented in this thesis and for this reason
not presented in an as detailed manner.

1.3.5 Pion Decay

Gamma rays are not only produced from electrons and positrons, but can also be
produced from protons and atomic nuclei. When a high energy proton interacts
with a proton or nucleus in the interstellar gas, pions can be produced. There
are three different types of pions: neutral pions (π0), positively charged pions
(π+) and negatively charged pions (π−). Neutral pions decay predominantly in a
pair of photons (π0 → γ + γ) whereas charged pions decay predominantly into a
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(anti-)muon and a (anti-)neutrino (π+ → µ+ + νµ, π− → µ− + ν̄µ). So, gamma
rays can be produced by proton-proton (or proton-nucleus) interactions producing
a neutral pion which subsequently decays to gamma rays. As mentioned earlier,
this is the main hadronic process leading to gamma rays. However, proton-proton
collisions can also produce other mesons of which some decay into gamma-rays,
even though these processes have a much smaller contribution to the gamma rays
produced in hadronic processes.

The average energy of these gamma rays is about one tenth of the initial proton
energy. The produced spectrum is very similar to the spectrum of the initial proton
population at high energy. It however has a characteristic bump at the half of
the neutral pion rest mass (at 67.5 MeV), which constitutes the threshold for pion
production and corresponds to the energy the emitted photons take in the pion rest
frame, due to the neutral pions produced at low energies (energetically dominated
by their rest mass). A typical pion spectrum is also illustrated in figure 1.5.

1.3.6 Resolving the different radiative processes

In practice, differentiating between these various radiative processes for observed
gamma-ray emission is often very difficult. Indeed, each experiment can mostly
only observe the spectrum over a small energy range to which it is sensitive and
often there are no strong a priori theoretical constraints excluding a radiative
process. For this reason, the spectra measured by multiple experiments are usu-
ally combined into an SED and different models are tested in order to find the
model which fits best to the data and so constrain the models which describe the
data. For inverse Compton scattering for example, the electrons producing this in-
verse Compton radiation are also expected to emit synchrotron radiation at lower
energies in presence of a magnetic field. The absence of such emission at lower
energy can so exclude models which require inverse Compton scattering and a high
magnetic field. Leptonic models are in general mostly expected to emit in mul-
tiple wavelength bands through multiple different emission components, whereas
hadronic emission is mostly only produced through pion decay and so only visible
in a limited wavelength band. This gives one handle on the distinction of emis-
sion processes. Additional information could in future be gained by measuring
neutrinos from a given source, as they are a clear sign of hadronic acceleration.

1.4 Gamma-ray sources

This section gives a short introduction to sources in which photons are accelerated
up to gamma-ray energies. A big variety of such sources has been discovered since
the advent of gamma-ray astronomy and numerous source categories emitting in
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gamma rays are possibly still undiscovered, as the number of source categories
discovered in gamma rays is still increasing. In the following, some of the most
common gamma-ray sources are discussed.

1.4.1 Supernova Remnants

Supernovae can occur at the end of life of stars depending on their properties.
Indeed, there are two different categories of supernovae. Supernovae of type II,
Ib and Ic occur at the end of the life of a massive star with at least eight solar
masses [32]. When it runs out of fuel radiation pressure can no longer counter-
balance its gravity and the star collapses on itself. This leads to an explosion in
which the external shell is ejected whereas the interior of the star collapses further
to a neutron star or a black hole depending on the mass of the progenitor star.
Supernovae of type Ia can occur in binary systems (systems with two bound as-
tronomical objects) in which one of the objects is a white dwarf (remnant of a star
which was not heavy enough to undergo a supernova explosion at the end of its
life). This white dwarf can accrete matter from its companion making the white
dwarf so heavy that it reaches the Chandrasekhar limit of 1.4 solar masses [33]
and collapses. This leads again to a supernova explosion. The release of energy in
both of these supernovae explosions is about 1× 1058 J [34].

Supernovae are very important for the formation of solar systems as we know
them, as they are the main producer of very common heavy elements [35]. Indeed,
during the collapse of the supernova predecessor the pressure and temperature
in its core is so high that the elements in it fuse into heavier elements. The
origin of the different elements found in our solar system according to our current
understanding is shown in figure 1.6.

Material ejected with speeds of about 5000 km s−1 to 20 000 km s−1 [37] during
the supernova explosion, gives rise to what is called a supernova remnant (SNR).
This material creates a shock front in the interstellar medium. This so-called for-
ward shock is slowed down by the surrounding medium leading to the formation
of a second shock in reverse direction inward to the stellar ejection, the reverse
shock. [38]. This process develops over three phases: First the "free expansion
phase" in which the shock is barely braked by the surrounding medium and the
shock velocity is so approximately constant. This phase lasts until the swept-up
mass of the surrounding material has reached the initial mass of the ejecta. In
the second so-called "Sedov phase", most of the energy has been transferred from
the ejecta to the shock-heated shell of surrounding medium and the shock is adia-
batically braked in this phase. After this phase, there is a third phase ("radiative
phase") in which radiative cooling dominates the energy losses and the expan-
sion speed of the ejecta. These three phases can last up to hundred or thousand
of years. In these shocks, cosmic rays can be accelerated and subsequently create
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Figure 1.6: This figure illustrates the origin of the elements in our solar system ac-
cording to our current knowledge. Hydrogen and helium were mostly produced during
the big bang and are so as old as the Universe. Lithium, carbon and nitrogen and
some heavier elements are mostly formed during nucleosynthesis in stars (i.e., during
the fusion reaction fuelling the star). beryllium and bore are formed during the fission
of heavier elements in cosmic rays. Then elements from oxygen to rubidium are mostly
formed in supernovae. And finally, the most heavy elements are formed during the
merger of neutron stars. Reproduced from [36].
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Figure 1.7: False colour mosaic image of the Crab Nebula taken with the Hubble space
telescope. The Crab Nebula is a remnant of a supernova which exploded in 1054 and
was observed by Asian astronomers at that time. The collapsed star which exploded
is now a rotating and magnetized neutron star and called Crab Pulsar. The Crab
Nebula is one of the brightest sources in gamma-ray astronomy as seen from Earth.
Reproduced from [39].
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gamma rays, mostly during the free expansion phase and Sedov phase. As particles
are accelerated to higher and higher energies during the free expansion phase in
which the shock velocity is approximately constant, the maximum particle energy
is expected to increase linearly with time in this phase. After this phase the shock
velocity decreases and so the maximum energy decreases too with time. Figure
1.7 shows an image of such a supernova remnant, the Crab Nebula.

1.4.2 Pulsar Wind Nebula

Pulsars are very fast rotating neutron stars with periods of seconds to millisec-
onds [41]. They are the final remnant of supernova explosions of massive stars. The
reason why they rotate so fast is that the angular momentum of the much larger
progenitor star is conserved and mostly retained in the neutron star, which only
has a tiny fraction of its progenitor star’s radius (about 10 to 15 km). They also
have strong magnetic fields originating from the progenitor star (about 1× 108 T).
In these, charged particles are accelerated and ejected at the polar caps or in outer
regions extending to or beyond the light cylinder (i.e., the cylindrical surface with
radius RLC = c/Ω on which particles rotating with the pulsar angular velocity Ω
would have the speed of light) [42]. These emitted jets can be observed from Earth
when the jet direction intersects the observation direction, giving rise to a pulsed
signal from the radio to the gamma-ray band.

The accelerated charged particles follow the field lines out of the pulsar mag-
netosphere until they reach the light cylinder, after the crossing of which they
would have to rotate faster than the speed of light to rotate with the pulsar, and
then escape. This leads to a highly magnetized wind of particles leaving the pul-
sar. This wind is decelerated as it expands in the cold supernova ejecta creating
a wind termination shock in which electrons and positrons are accelerated and
so creates a so-called pulsar wind nebula [42]. These electrons/positrons then
produce (non-pulsed) synchrotron emission from the radio to beyond the X-ray
band in the magnetic field of the pulsar wind nebula. Often the size of a pulsar
wind nebula decreases with energy as high energy particles lose their energy their
energy faster and so do not travel as far as low energy particles. This emitted syn-
chrotron photons then again interact with the relativistic particles in the shocked
wind leading to the emission of gamma rays through inverse Compton scattering
(in a Synchrotron Self-Compton scenario).

The star which formed the Crab Nebula, depicted in figure 1.7, became a pulsar
after its supernova explosion, and its pulsar wind supports such a nebula.
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1.4.3 Binary Systems

Stars in binary (or higher-order) systems are very common. The multiplicity fre-
quency (i.e., the ratio of the number of systems with more than one star to the
total number of systems) increases strongly with stellar mass; more than 50 % of
the systems with stars with masses above 5 solar masses are binary or higher order
systems [43].

These systems can emit gamma rays if one of the two (or more) members
is a compact object, i.e., a neutron star or a black hole, as these binaries are
characterized by high magnetic fields and radiation densities [44]. This gamma-
ray emission arises either, because the neutron star forms a pulsar creating a
pulsar wind nebula or because the compact object accretes the stellar wind of the
companion star. Due to the motion of these binaries around their common centre
of gravity and to the fact that the neutron stars can have an intrinsically pulsed
emission, the gamma-ray emission from these binary systems observed on Earth
is often very variable and irregular in time.

1.4.4 Active Galactic Nuclei

Active galactic nuclei are super-massive black holes accreting matter at the centre
of galaxies. They have masses of millions to billions times the mass of the sun.
The accretion of matter onto the black hole leads to the formation of an accretion
disk surrounding the black hole which can be heated up through the accretion
and so lead to thermal emission. This accretion can power relativistic plasma
jets as illustrated in figure 1.8, which shows an example of such an active galactic
nucleus. In this case the nucleus is dubbed as radio-loud as these jets lead to a
strong radio emission, opposed to radio-quiet active galactic nuclei in which such
a jet does not form. Only about 10 % of the active galactic nuclei are radio-loud.
The directions of these jets follows the angular momentum of the accretion disc
and the spin axis of the black hole. In these jets, gamma rays can be produced,
probably by inverse-Compton scattering either on photons from the accretion disk
or the broad line region or from photons emitted as synchrotron radiation inside
the jet (Synchrotron Self-Compton scenario) [45].

The gamma-ray emission, its intensity and spectrum observed on Earth is
highly dependent on the viewing angle on the active galactic nucleus and so they
are classified in different categories according to the viewing angle [45]. Most ac-
tive galactic nuclei observed in gamma rays are so-called blazars in which the jet
is pointing towards Earth as they are the brightest as seen from Earth.

The emission from active galactic nuclei is variable on timescales from minutes
to thousand of years [45]. The lower bound sets limits on the extension of the
emission region, as the emission from a region of a given size cannot vary faster
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Figure 1.8: False colour image of Cygnus A, a galaxy with an active galactic nucleus
at its centre, showing data from different experiments. X-ray data from the Chandra
Observatory are shown in blue, radio emission in red and optical data from Hubble in
yellow. The two jets formed due to the accretion of matter on the central black hole
can be seen very well in the non-thermal radio emission. Reproduced from [40].
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than the time needed to cross this region at the speed of light (according to the
"causality argument" [46]).

1.4.5 Gamma-Ray Bursts

Gamma-ray bursts are very short, very intense emission of gamma rays and are
the brightest electromagnetic explosions in the universe [47]. They are divided in
two phases: A prompt phase in which an initial flash of gamma rays is produced
and a longer lasting afterglow in which the emission is decaying slowly [48]. The
prompt phase lasts from tens of milliseconds to minutes whereas the afterglow can
last several months or even years [48].

Short gamma-ray bursts, whose prompt phase lasts less than a few seconds,
are thought to be due to mergers of compact objects, and long gamma-ray bursts
thought to be due to supernovae of very massive stars [48]. Gamma-ray bursts
were first detected by satellite experiments in 1967 [49] and it took until 2018 for
their first detection by a ground-based Imaging Atmospheric Cherenkov Telescope
(IACT) array [50].

1.4.6 Other gamma-ray sources

In addition to these five source types discussed here, there are numerous other
gamma-ray sources which cannot all be discussed here. Gamma-ray emission has
been detected with IACTs from stellar clusters such as Westerlund I [51] in which
individual sources might inject high energy particles, from starburst galaxies such
as NGC 253 [52] and superbubbles such as 30 Dor C [53]. Moreover, a first nova
has been detected with an IACT in August 2021 [54]. These recent discoveries of
new source categories with IACTs in 2018 (Gamma-Ray Burst) and 2021 (Novae)
show that gamma-ray astronomy is a very active field and that there might be
many source categories still to be detected in very-high-energy gamma rays.

1.5 Detection of gamma rays

As cosmic gamma rays are absorbed by the atmosphere and so do not reach the
ground, they were first observed by balloon and satellite experiments. One of the
first successful satellite detectors was the OSO-3 satellite, launched in 1967, which
detected 621 cosmic gamma-ray events [2]. The first satellite to detect several
point sources was SAS-2 which was launched in 1972 [55, 56]. Then, a series of
more advanced gamma-ray satellites such as COS-B, CGRO, INTEGRAL and
Fermi were launched with increasing sensitivity and energy range [57, 58, 59, 60].
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First ideas to indirectly detect gamma rays using ground-based telescopes to de-
tect atmospheric showers of secondary particles produced by gamma rays4 arose in
the 60s [61]. Even though there have been many attempts to apply this technique,
it took until 1989 for the discovery of the first point source with a ground-based
Cherenkov telescope. In this year Whipple observed the Crab Nebula at TeV en-
ergies [62]. HEGRA was the first Cherenkov telescope array as it was constituted
of five telescopes [63]. It thus allowed for the first time stereoscopic observations.
Later on, more advanced Cherenkov telescope arrays reaching a higher sensitivity
and a larger energy range were built.

This section first gives a short overview on the working principle of a modern
space-based gamma-ray detector. Then, it discusses ground-based gamma-ray
astronomy, and specifically Cherenkov telescope arrays. They are described in
detail as it is the detector on which this work is based. Finally, this section gives
a short overview of other ground-based techniques to detect gamma rays.

1.5.1 Satellite-based gamma-ray experiments

Currently, multiple gamma ray satellites are in operation. Some of them are
general-purpose instruments such as AGILE, INTEGRAL and Fermi [64]. Others
have a more specific purpose, such as Swift, which was specifically designed to
detect gamma-ray bursts and is constituted of three different instruments sensitive
to different energy ranges, namely gamma rays, X-rays and UV/optical, to fulfil
its purpose [65].

Modern general-purpose gamma-ray satellites are mostly based on the pair cre-
ation principle. Such a satellite-borne pair creation detector is illustrated in figure
1.9. Pair creation is the conversion of a high energy photon into an electron and a
positron in interaction with the Coulomb field of a nucleus. For this interaction to
be possible, the photon needs to have at least an energy of twice the electron (and
positron) rest mass of 511 keV. At high energies (MeV energies and above), pair
creation is the dominant interaction of photons with matter (compared to Comp-
ton radiation and the photo-electric effect which are dominant at lower energies).
Pair creation telescopes are constituted of multiple thin conversion foils made out
of a dense material in which the conversion of the photon into an electron and
positron can occur [60]. Behind each of these conversion foils, there is usually a
detector plane which records the position of each charged particle passing it and
so allows to determine in which foil the photon has been converted and record the
tracks of the electron and positron after conversion. After their passing through
the conversion foils and trackers, the electrons and positrons enter a calorimeter
which allows their energy to be measured and so determine the energy of the initial

4This process is described in the following of this section.
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Figure 1.9: Scheme of Fermi -LAT, a space pair creation gamma-ray detector currently
in operation. A gamma-ray entering the tracker, converts in a tungsten conversion foil
into an electron and positron, which are then tracked by the silicon strip detectors. The
electron and positron then enter the CsI calorimeter where their energy is measured. In
addition, one can see the anticoincidence detector which rejects charged cosmic rays.
Reproduced from [66].
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photons. In the calorimeter, an entering particle initiates a particle shower of sec-
ondary particles in its dense material. The energy deposited in the calorimeter by
these secondary particles is sampled by converting a well-known fraction (through
initial calibration) of the energy in a measurable quantity (most often visible light).
This then allows an energy determination of the electron and positron having en-
tered the calorimeter and taking into account the energy losses in the tracker to
reconstruct the initial photon energies. The whole detector is usually covered by
an anti-coincidence unit which detects incoming charged particles and so prevents
the misinterpretation of entering electrons or positrons as photons which converted
inside the detector.

An example of a satellite that uses the pair creation principle is Fermi. Fermi
consists of two different detectors, the Gamma-Ray Burst Monitor (GBM) and
the Large Area Telescope (LAT). GBM is a specific purpose experiment to detect
gamma-ray bursts based on scintillation detectors. LAT, whose working principle
is illustrated in figure 1.9, is a gamma-ray detector based on the pair creation
principle with tungsten conversion foils, fine granularity silicon detector planes
and a caesium iodide calorimeter [60]. LAT has an instantaneous field of view
of 20 % of the sky and could cover the entire sky within three hours before a
hardware failure on the motors of one of the solar panels in March 2018 restricting
the rotation capabilities of Fermi. It is sensitive to energies from 20 MeV up to
TeV energies.

The lower energy limit of such pair creation telescopes is due to pair creation
being a less dominant interaction channel of photons at low energies (and not at
all possible below 1.022 MeV) as Compton scattering takes over and to multiple
scattering of the pair components in the tracker components deteriorating the
direction reconstruction of the incoming photons. The upper energy limit is due
to the small sensitive area. This means that the higher the upper energy limit
one wants to achieve (at a given sensitivity), the bigger the required detector size.
However, detector size for space-based experiments is limited due to the maximum
load on rockets and prohibitive costs. For this reason, ground-based methods are
used for the detection of very-high-energy gamma rays.

1.5.2 Imaging atmospheric Cherenkov telescope arrays

Gamma-ray-induced atmospheric showers

A high energy photon entering the atmosphere interacts with the Coulomb field
of an atomic nucleus of an atmospheric component leading to the production of
an electron and a positron. This electron and positron then emit photons by
Bremsstrahlung in interaction with a nucleus, which can again undergo pair pro-
duction. These two processes so lead to a continuous multiplication of the number
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Figure 1.10: Scheme showing the development of an atmospheric shower for a gamma
ray entering the atmosphere. The gamma ray interacts with the Coulomb field of an
atmospheric nucleus leading to the formation of an electron and positron by pair pro-
duction. These two particles then emit gamma rays by Bremsstrahlung which undergo
pair creation again leading to extended atmospheric showers of particles. Reproduced
from [67]
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Figure 1.11: Development of an atmospheric gamma-ray shower as described by the
simplified Heitler model. Reproduced from [68]

of particles creating a huge so-called atmospheric shower which can be constituted
of billions of particles. The development of such an atmospheric shower is schemat-
ically shown in figure 1.10. During the creation of this atmospheric shower, the
energy of the initial particle is distributed over the particles in the shower which
leads to the eventual extinction of the shower: once the energy of the electrons
and positrons is too low, they start ionizing and exciting atoms instead of creating
photons by Bremsstrahlung. The critical energy EC where Bremsstrahlung and
ionization losses are equal is 85 MeV [68]. The shower extinguishes rapidly once
the electrons and positrons constituting it have reached this energy.

These gamma-ray showers are often described by the very simplified Heitler
model which can reproduce the basic features of shower development [68]. It is
illustrated in figure 1.11. In this model, one assumes that each electron or positron
loses half of its energy to a gamma ray after having traversed an atmospheric
depth R and that each gamma ray undergoes pair creation leading to an electron
and a positron with the same energy after the same atmospheric depth R. The
atmospheric depth describes the amount of matter traversed by a particle and
can be converted into a distance d knowing the density of the atmosphere ρ as a
function of altitude z:

R =

∫ z0+d

z0

ρ(z)dz (1.9)

One assumes that R = X0 ln 2 [68], where X0 is the electromagnetic radiation



28 CHAPTER 1. VERY-HIGH-ENERGY GAMMA-RAY ASTRONOMY

length in the atmosphere defined as the amount of matter an electron or positron
needs to traverse for its energy to be reduced to 1/e of its initial value [69]. The
atmosphere has a radiation length of 36.6 g cm−2 [70] for a total thickness of about
28 radiation lengths [71]. The radiation length also corresponds to 7/9 of the mean
free path of a photon before it undergoes pair production [69]. This factor of 7/9 is
neglected in the Heitler model. The energy distribution of the produced particles
is ignored as well for both Bremsstrahlung and pair creation and replaced by the
simplified assumption that the daughter particles have 50 % of the parent particle
energy. All other energy losses are neglected too.

In the Heitler model, the evolution of the energy of the particles in the shower
in function of the total traversed atmospheric depth X (defined as in equation 1.9
with d→∞) can simply be written as:

E(X) = E0 exp

(
− X
X0

)
, (1.10)

where E0 is the energy of the initial particle. The maximum of shower develop-
ment occurs when its particles have reached the critical energy EC , which gives the
depth of maximal shower development Xmax = X0 ln E0

EC
[68]. Using a hydrostatic

atmospheric model in which the atmospheric pressure and density depend expo-
nentially on the altitude, one can transform the atmospheric depth in an altitude
and show that the altitude of shower maximum for a 1 TeV particle is at about
9 km above sea level [72].

One of the main difficulties in ground-based gamma-ray astronomy is that not
only photons lead to atmospheric showers; charged particles can produce atmo-
spheric showers too. High energy electrons and positrons lead to showers which
can hardly be distinguished from photon induced showers on an individual basis
as they develop in exactly the same way (beside electrons and positrons starting
to emit Cherenkov radiation a bit higher in the atmosphere as they do not need
to convert). However, one can disentangle them on a statistical basis as electrons
and positrons reach Earth almost uniformly from all directions due to turbulent
galactic magnetic fields, whereas photons travel straight once they have left the
emission region and so can be attributed to individual sources. An excess of events
from a given direction signs the presence of a gamma-ray source. In addition to
electrons, positrons and gamma rays, high energy hadrons entering the atmosphere
also lead to atmospheric showers. These differ from electromagnetic showers be-
cause of different elementary processes occurring in their development. Nuclear
interactions in these showers lead to the creation of pions and K mesons, which
decay in gamma rays, muons and neutrinos. This multitude of different particles
and processes in these showers and larger transverse momentum exchanges lead
to wider and much more irregular shower shapes and can be distinguished from
electromagnetic showers due to this.
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Figure 1.12: Scheme of the emission of Cherenkov radiation by a charged particle
(whose path is indicated by the red arrow) traveling faster than the speed of light in a
medium. The Cherenkov radiation is emitted under an opening angle θ geometrically
inferred from the speed of the light in the medium and the speed of the particle.
Adapted from [74].

Cherenkov radiation produced in atmospheric showers

Charged particles traveling with a speed v faster than the speed of light c/n
through a medium with refractive index n emit Cherenkov radiation with an emis-
sion angle θ = arccos

(
c
nv

)
[73] as illustrated in figure 1.12. The number of photons

N emitted per unit wavelength λ and per unit path length path length x of this
radiation produced in a medium with a permeability equal to 1 is given by:

d2N

dxdλ
= 2πα

sin2 θ

λ2
, (1.11)

where α is the fine structure constant [75].
The speed of the electrons and positrons in atmospheric showers induced by

gamma rays is faster than the speed of light in the atmosphere and so produce
Cherenkov radiation. Even though the emitted Cherenkov spectrum has a 1/λ2

dependence, most of the ultraviolet part of the spectrum is absorbed in the at-
mosphere, leading to the spectrum at ground peaking at wavelengths of about



30 CHAPTER 1. VERY-HIGH-ENERGY GAMMA-RAY ASTRONOMY

Figure 1.13: Illustration of the almost compensation of the decrease of the opening
angle and the increase of the distance of propagation with the altitude leading to the
formation of annulus of Cherenkov light on the ground. Reproduced from [72]
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400 nm, which is the wavelength of visible violet light. The exact part of absorbed
ultraviolet light depends on the altitude of emission of the Cherenkov radiation:
The higher this altitude the more the ultraviolet part of the spectrum is absorbed.
As the Cherenkov radiation is emitted with a precise opening angle and the parti-
cles in the shower are largely collimated, the emission at a given altitude leads to
a ring on the ground whose radius depends on the distance of propagation and the
refractive index at the altitude of emission (through the opening angle). Whereas
the opening angle decreases as altitude increases, the distance of propagation in-
creases with altitude and these both effects almost compensate each other (down
to altitudes of 10 km [72]) leading to the formation of a light annulus on the ground
with a radius of about 125 m [76]. Cherenkov radiation emitted at lower altitudes
fills this annulus leading to a light pool which is brighter at the edge. The radius
of the formed annulus slightly depends on altitude and energy, however does not
differ much from 125 m for altitude between 0 m and 3500 m above sea level and
photon energies below 1 TeV. For higher altitudes, the annulus starts to disappear,
starting with the highest energies. The duration of such a Cherenkov event on the
ground is few ns.

Detection of this Cherenkov radiation with optical telescopes

This Cherenkov radiation emitted by atmospheric showers can be detected by
Imaging Atmospheric Cherenkov Telescope (IACT) arrays as are be described
at the end of this subsection. Currently, there are three major Cherenkov tele-
scope arrays in operation, namely MAGIC, VERITAS and H.E.S.S. These three
arrays are shown in figure 1.14. MAGIC (Major Atmospheric Gamma Imaging
Cherenkov) is constituted of two telescopes of 17 m diameter each located in La
Palma, one of the Canary Islands. The MAGIC telescopes have a field of view of
3.5◦ and are able to cover an energy range from 50 GeV to 50 TeV [80]. VERITAS
(Very Energetic Radiation Imaging Array System) is constituted of four telescopes
of 12 m diameter each located in Arizona. The VERITAS telescopes also have a
field of view of 3.5◦ and are sensitive to energies between 85 GeV and 30 TeV [81].
H.E.S.S. (High Energy Stereoscopic System) is constituted of five telescopes, four
with a diameter 12 m and one with a diameter of 28 m, located in Namibia [82].
They have a field of view of 5◦ respectively 3.17◦ [83] and are able to cover an
energy range from 20 GeV [84] to 100 TeV [82]. Being located on the Southern
hemisphere, it is the only of the three arrays able to observe the Southern sky and
in particular the central region of our Galaxy.

Following up on the success of these three existing arrays, a next generation
IACT array, CTA (Cherenkov Telescope Array), is planned. This observatory will
be constituted of two arrays, one in the Southern hemisphere, in Chile, and one
in the Northern hemisphere, on La Palma, which will allow to observe both the
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Figure 1.14: The three major Imaging Atmospheric Cherenkov Telescope Arrays cur-
rently in operation. Top: MAGIC, centre: VERITAS, bottom: H.E.S.S. Reproduced
from [77], [78] and [79].
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Northern and Southern sky. It will be constituted of telescopes of three different
sizes: the Large-Sized Telescopes (LST) with a diameter of 23 m, the Medium-
Size Telescopes (MST) with a diameter of 11.5 m and the Small-Size Telescopes
(SST) which will be constituted of two mirrors - one with 4.3 m diameter and one
with 1.8 m diameter [85]. The SSTs use a Schwarzschild-Couder design with two
mirrors in order to achieve a large field of view with a small camera [86]. The use
of three different telescope types will enable CTA to be sensitive to a larger energy
range compared to existing arrays, from 20 GeV to 300 TeV [87]. In total, CTA
is planned to have 19 telescopes on the Northern site and 99 telescopes on the
Southern site [85] (as most of the Milky Way with its large number of sources can
only be observed from the Southern site). This much higher number of telescopes
and the use of novel technologies is expected to increase the sensitivity by one
order of magnitude compared to current operational Cherenkov telescope arrays
and to reach an unprecedented energy and angular resolution [87].

All the major Cherenkov telescopes currently in operation have the same op-
eration principle. They are constituted of a big segmented mirror which reflects
part of the faint Cherenkov light emitted by the atmospheric shower and focuses it
on an imaging camera. This imaging camera has to be very fast as the duration of
Cherenkov events is only few ns. For this reason, the pixels of the imaging camera
are constituted of photo-multiplier tubes (PMT) on which light collectors, named
Winston cones, are mounted to reduce the death space and shield the PMTs from
light from the ground (albedo light). These PMTs are then connected to fast
electronics to allow signal readout. The telescopes can be rotated in azimuth and
altitude in order to be able to observe different positions on the sky.

The amount of emitted Cherenkov light being almost proportional to the pri-
mary particle energy, low energy gamma rays entering the atmosphere produce less
Cherenkov light than high-energy gamma rays. For this reason, one needs larger
mirrors to be able to collect enough light to detect gamma rays of lower energies.
High-energy gamma rays are, on the other hand, less frequent. For this reason, in
order to detect high energy gamma rays, one uses many telescopes with smaller
mirrors spread over a large area to increase the chance of seeing such a gamma
ray. Other important parameters of IACTs are the field of view, usually of the
order of a few degrees, which determines which amount of the sky can be observed
simultaneously, and the number of pixels (hundreds to a few thousand) which is
important for the sensitivity and the angular resolution.

Combining IACTs in arrays of multiple telescopes allows stereoscopic observa-
tions. In these observations, gamma-ray events are recorded with multiple tele-
scopes which reduces the background and improves the direction reconstruction
of the shower and so the angular resolution. A more detailed description of the
working principle of H.E.S.S., a Cherenkov telescope array, can be found in the
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Figure 1.15: The HAWC observatory, a water Cherenkov observatory located at an
altitude of 4100 m on the flanks of the Sierra Negra volcano in Mexico. Reproduced
fromrom [88]

next chapter as it is the instrument used in the preparation of this thesis.

1.5.3 Other ground-based gamma-ray detectors

In addition to IACTs, other detectors of atmospheric showers induced by gamma
rays have been developed. One of the most successful is based on water Cherenkov
detectors. They are constituted of large water tanks which are equipped with
PMTs. If electrons and positrons produced in atmospheric showers enter these
water tanks and travel faster than the speed of light in the water, they emit
Cherenkov radiation which is then recorded by the PMTs. These detectors need
to be at high altitude as otherwise most of the showers would be extinguished in
the atmosphere before reaching the detector. These water Cherenkov detectors are
sensitive to higher energy ranges and have much larger field of views than IACTs,
but a worse angular resolution and are for this reason often referred to as "survey
instruments". They are so complementary to IACTs.

HAWC (High Altitude Water Cherenkov observatory), displayed in figure 1.15,
is one of the water Cherenkov detector currently in operation. It is located on the
flanks of the Sierra Negra volcano in the Mexican state of Puebla at an altitude of
4100 m and is constituted of 300 water tanks, each one equipped with 4 PMTs [89].
HAWC is sensitive to energies between 100 GeV and 100 TeV and is able to observe
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two-thirds of the sky in each 24-hour period [89].
SWGO (The Southern Wide-field Gamma-ray Observatory) is a planned next

generation water Cherenkov detector in the Southern hemisphere in order to com-
plement the current instruments in the Northern hemisphere and cover a larger
part of the sky at the highest energies [90]. It is planned to be built in South
America at an altitude of more than 4500 m. It is foreseen to be constituted of a
dense inner detector with about 4000 detection units and a less dense outer array
with about 1000 detector units and so to have a bigger size than HAWC. This
bigger size will increase sensitivity significantly compared to HAWC. The denser
inner "core" detector is designed to decrease the energy threshold below 200 GeV,
whereas the purpose of the outer array is to increase the effective area.

Beside these two examples introduced here, there are other detectors using
this water Cherenkov technology, such as LHAASO (The Large High Altitude Air
Shower Observatory) [91] currently under construction5 in the Sichuan province
of China and planned to be a multi-component experiment partially based on
water Cherenkov detectors to detect cosmic rays and gamma rays, which are not
introduced in detail here.

5As of October 2021, however construction is planned to be completed soon.
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Chapter 2

The H.E.S.S. Experiment

The High Energy Stereoscopic System (H.E.S.S.), which is shown on the bottom
of figure 1.14, is one of the three major arrays of Imaging Atmospheric Cherenkov
Telescopes currently in operation. It is located in the Khomas Highland in Namibia
at an altitude of 1800 m above sea-level [92]. This location was chosen for its
dry climate and remoteness and subsequent low light pollution leading to good
sky quality for astronomical observations. Additionally, the altitude leads to less
Cherenkov light being absorbed compared to observatories at lower altitudes. The
array was built in two phases: In a first phase, which was completed in December
2003 [93], four identical Cherenkov telescopes were built on a square of 120 m
side length [92]. This distance between the telescopes results from a compromise
between the need to record a typical shower with a Cherenkov light pool of 250 m
diameter in multiple telescopes and the need for a base as large as possible to have
better stereoscopy [76]. The telescopes can be rotated in azimuth and altitude
to freely point them at any position in sky in less than 2 minutes [94]. Their
segmented hexagonal mirror of 12 m diameter [82] is constituted of 380 individual
round facets mounted in a Davies-Cotton design [95] focusing the light of the
shower on a camera at a distance of 15 m which is described in the next section [96].
This Davies-Cotton mount was chosen as it reduces the off-axis (Coma) optical
aberrations. This comes however at the expense of a small anisochronism of about
4 ns [97]. The four telescopes are called CT1 (in the East), CT2 (North), CT3
(West) and CT4 (South) as illustrated in figure 2.1 and are sensitive to gamma
rays in an energy range in-between 100 GeV and 100 TeV [96]. To access lower
energies, a fifth telescope, called CT5, was added at the centre of the array as
illustrated in figure 2.1 in a second phase of construction which was completed in
July 2012 [99]. The much bigger segmented mirror of this telescope, which has an
almost rectangular shape and a diameter of 28 m, allows to access energies down
to below 20 GeV [84]. It is composed of 875 individual hexagonal facets mounted
this time in parabolic design, because the anisochronism would have been about

37
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10 ns using a Davies-Cotton design which is too large to record light pulses lasting
a few ns. The mirror focuses the light on a camera at a distance of 36 m [100].

2.1 Cameras

2.1.1 CT1-4

The cameras of the four smaller telescopes are constituted of 960 photomultiplier
tubes (PMTs) arranged in 60 drawers (one of them is shown for illustration in
figure 2.2) of 16 PMTs [101]. The PMTs have a field of view of 0.16◦ leading to
a total field of view of 5◦ diameter. Winston cones are mounted in front of the
PMTs to increase the effective collection surface by reducing the death space and
to limit their field of view to the mirror to reduce noise from light reflected by the
ground (Albedo). Each drawer contains, beside the 16 PMTs, the acquisition and
control electronics for these PMTs as well as part of the trigger electronics. The
remaining trigger and readout electronics of the camera is located in the camera
body. In addition, to this local camera trigger, there is a central trigger in the
control building making the coincidence between the different telescope triggers as
H.E.S.S. uses a two level trigger as is discussed in detail in section 2.2. The array
trigger rate in the original configuration with only the four small telescopes was
about 200 Hz to 300 Hz, but CT5 has a mono trigger rate of about 1.5 kHz [102].
This increase in trigger rate when using the usual hybrid trigger mode in which
CT5 is in mono mode (i.e., events are recorded when only CT5 triggers) and the
other telescopes are in stereoscopic mode in coincidence (i.e., at least two telescopes
need to trigger when CT5 is not triggering) led to a substantial number of lost
events in the small telescopes due to their dead time of 450 µs. For this reason
and to reduce the failures of the aging electronics, the original cameras have been
upgraded in 2015-2016. During this upgrade, the electronics have been changed
while the PMTs have not been changed. A new readout chip technology allowed
to reduce the minimum time between consecutive events to 7 µs, leading to 21 %
less lost events in the smaller telescopes when using them together with CT5.

2.1.2 CT5

The camera of the large telescope is constituted of 2048 PMTs in 128 drawers of
16 PMTs [103]. Each PMT has a field of view of 0.07◦ leading to a total field of
view of 3.2◦. This field of view is smaller than for the smaller telescopes in order
not to end up with a too big camera and a too large pixel number. Each PMT
has again its Winston cone in front and the electronics are similar to the original
camera in the smaller telescopes. The main difference is a reduced dead time
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Figure 2.1: Picture illustrating the positions of the five H.E.S.S telescopes (oriented
as a standard map, i.e,. North on the top and East on the right). Picture from [98]
(Bing Maps).
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Figure 2.2: One of the camera drawers with its 16 photo-multiplier tubes, the control
and readout electronics from a HESS-I camera. Reproduced from [101]

(15 µs [103]) to be able to handle the higher mono trigger rate of about 1.5 kHz.
The original CT5 camera has been replaced by a new camera in 2019 in order to
reduce the failures of the aging electronics and increase the up-time of CT5. The
new camera, called FlashCam, is foreseen to be also used on the medium-sized
telescopes of the southern array of CTA. It is constituted of 1761 PMTs in 147
drawers of 12 (respectively 11 for 3 of them) PMTs and has a hexagonal shape.

2.2 Readout & Trigger

For all the cameras beside the camera newly mounted on CT5, the signal recorded
for each PMT is split into three channels, two sampling channels and one trigger
channel [101, 103]. The two sampling channels have different gains to increase
the dynamical range. For the original HESS-I cameras as an example, the high
gain channel has a dynamical range from 1 to 200 photo-electrons and the low
gain channel a dynamical range 15 to 1600 photo-electrons. The signal of these
two channels is stored in analogue memory awaiting the trigger decision based on
the trigger channel. The trigger decision occurs on two levels. The local level
takes place directly in each camera. For this the camera is divided in different
partially overlapping sectors and the event passes this first level if at least S2

pixels in a sector exceed a charge threshold corresponding approximately to S1

photo-electrons [106, 103]. In normal operations, S1 equals to 5.3 photo-electrons
and S2 equals to 3 pixels in the original cameras of the smaller telescopes [106]
and S1 equals to 4 photo-electrons and S2 equals 3.5 pixels in the original CT5
camera [103]. This non-integer value was used for CT5 to have a safety margin and
make sure to accept events where 3 pixels pass the threshold. If this requirement is
fulfilled in one camera, this camera sends a signal to the central trigger where the
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second level decision takes place. The central trigger checks if the pattern of tele-
scopes triggering in coincidence, i.e., simultaneously (within 80 ns) after correcting
for the difference of the time of arrival of the photons according to the telescope
pointing conditions [106], corresponds to a pattern to be accepted and usually
checks whether a minimum number of telescopes triggered, where this minimum
number can be different for different telescope types. If this second level trigger
condition is passed, the signal of the two channels of all the pixels of the triggered
telescopes is read out from the analogue memory and sent to the control building.
The dead time mainly depends on the speed of this readout and is very differ-
ent for the different camera types. For the four small telescopes, usually at least
2 triggering telescopes are required to ensure a stereoscopic view of the showers
which improves reconstruction and rejection and reduces the triggering rate which
was particularly important for the original cameras of the small telescopes due to
their comparatively long dead time, but also reduces the amount of data which
needs to be stored. As CT5 is also optimized to take data in mono mode, in many
observations no additional triggered telescope is required to accept an event.

In FlashCam, there is only one channel per pixel which is continuously digitized.
The local level trigger is based on this digitized signal by considering patches of 9
pixels, whereas the central trigger is checking the number of telescopes triggered
in coincidence as before.

2.3 Calibration

The charge accumulated in each pixel of the camera is stored in the form of ADC
counts. However, one would like to convert this quantity to a physical one directly
related to the light actually emitted such as the density of Cherenkov photons.
This so-called calibration involves multiple steps described below, based on its
documentation in [101].

2.3.1 Pedestal calibration

First of all, the electronic baseline, the so-called pedestal, needs to be subtracted
from the measured signal to be only left with the signal from the Cherenkov
photons. The electronic pedestals are determined in special pedestal runs with
closed camera lid while the telescopes are still in their shelter. The observation
pedestals including instrumental effects such as the influence of the atmospheric
temperature on the electronic baseline need to be determined for each observation
run. They have a higher pedestal width due to the night sky background photons,
the average pedestal value is however not shifted due to an AC coupling between
the photo-multiplier tubes and the analogue ring sampler which samples the signal
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and behaves like an RC circuit. They are computed by only considering the non-
illuminated pixels of the telescope cameras in each triggered Cherenkov event.
The pedestal is monitored continuously and subtracted from the measured ADC
counts in each pixel for each gain channel. As the observation pedestals depend
on camera temperature which might change during runs, they are recomputed as
often as possible, approximately once a minute for a standard event rate.

2.3.2 Gain calibration

The gain describes the relation between the number of ADC counts and the num-
ber of photo-electrons. It is determined in special runs during which the telescopes
remain in the camera shelter to prevent contamination from the night sky back-
ground. To do this, the PMTs are illuminated with an LED flashing at 70 Hz
installed in the camera shelter at a distance of 2 m from the camera specially for
the gain calibration (respectively with a laser with a default frequency of 1 kHz
mounted at the centre of the dish for CT5 [103]). The intensity of this light source
is adjusted to be able to measure the single photo-electron peak on the PMTs.
The measured charge distribution is then fit to the expected one G(x) which is
composed of a term representing the pedestal distribution (first line) and a sum
of terms representing the resolution of the PMTs in function of the number of
photo-electrons (second line) to determine the gain of the PMT in the high gain
channel γ:

G(x) =N
e−µ√
2πσP

exp

(
−(x− PHG)2

2σ2
P

)
+N ×NS

∞∑
n=1

e−µ√
2πnσγe

µn

n!
exp

(
−(x− (PHG + nγHG))2

2nσ2
γe

)
.

(2.1)

Here N is the total number of events, µ the average number of photo-electrons per
event, P the pedestal position in the high-gain channel, σP the pedestal width,
σHG the single photo-electron peak width and NS a normalization constant. This
is only done in the high gain channel as the single photon electron peak can only
be resolved in this channel. The low gain channel is calibrated with respect to the
high gain channel as described in subsection 2.3.3.

The gain calibration in the new CT5 camera is very different from the gain
calibration in the HESS-I cameras or the old CT5 camera, as the new camera
is only constituted of one gain channel and the signal readout is different. If a
camera trigger occurs in this camera, the waveform is readout with 32 samples
locally in the camera. Depending on the height of this pulse, two different regimes
are distinguished. Up to two thirds of the ADC range, the pulse height increases
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linearly with the number of photo-electrons ("linear regime"). So, one can esti-
mate the number of produced photo-electrons from the pulse height or the pulse
width depending on the regime. For a higher charge, the pulse height saturates
and adding a higher charge increases the pulse width ("non-linear regime"). To
calibrate this conversion, a laser which can produce different pulse intensities with
a diffuser illuminates the whole camera. The linear regime can then be calibrated
with the single photo-electron peak. For the calibration of the non-linear regime,
three pixels are permanently partially masked so that they receive less light and
stay in the linear regime over the whole dynamical range of the other 1758 pixels.
The non-linear regime of these pixels can then be calibrated by inter-calibrating
them with the three masked pixels.

2.3.3 Cross-calibration of gain channels

The low gain channel, used to extend the dynamical range of the HESS cameras,
needs to be calibrated with respect to the high gain channel. This is done during
normal observation runs using events in the overlapping dynamical range of the
two channels for the considered pixel. As the high gain is known through the gain
calibration, one gets the number of produced photo-electrons for the given pixel
in this event and so can infer the gain of the low gain channel.

2.3.4 Flat-field calibration

Flat-fielding is used to correct for differences in the collection and quantum effi-
ciency of individual PMTs within a camera, i.e., the difference in the number of
photo-electrons produced per photon for the different PMTs. Special flat-fielding
runs are taken during which the telescopes are illuminated with a flashing LED
(or laser depending on telescope type) at the centre of the telescope dish with
a diffuser in front of it to illuminate the camera as homogeneously as possible.
Then, differences in the responses of the different PMTs to this light source are
corrected for. The so determined flat fielding coefficients are the same for both
gain channels as they describe the difference in the conversion efficiencies of pho-
tons to photo-electrons of the different PMTs which occurs before the signal is
split in gain channels.

2.3.5 Optical efficiency

The optical efficiency describing an absolute calibration of the conversion efficiency
of Cherenkov photons into photo-electrons of the instrument depends on numer-
ous parameters such as the reflectivity and transmittivity of the different optical
elements and the collection and quantum efficiency of the PMTs whose individual
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Figure 2.3: Illustration of the shape of the produced muon ring in function of impact
parameter and inclination relative to the optical axis. Left: Muon passing mirror with
a propagation direction perpendicular to the mirror plane. Centre: Muon passing close
to mirror with a propagation direction perpendicular to the mirror plane. Right: Muon
passing close to mirror with a propagation direction non-perpendicular to the mirror
plane. Adapted from [107]

calibration at all wavelengths of the Cherenkov spectrum is hardly possible [107].
For this reason, atmospheric muons have been used by all major Cherenkov tele-
scopes to determine the optical efficiency so far [108]. The spectrum recorded from
the Cherenkov emission from particles identified as muons is very similar to the
one recorded from showers induced by gamma rays except that it is less impacted
by the atmospheric absorption of its ultraviolet part. This is due to the Cherenkov
light recorded from muons passing through or close to the mirror (which are the
muons which can be the most easily identified) is emitted at lower altitude. This
small difference is corrected for by a conversion factor. In addition, muons barely
emit Bremsstrahlung radiation due to their larger mass and can so travel a much
longer distance than most other particles from the shower. They originate from
hadronic interactions and can be emitted with large angle allowing gamma-ray
telescopes to record light from a single muon.

The Cherenkov light from these single muons can be easily distinguished from
other events as they produce a ring-shaped event if they pass through the mirror
or an arc if they pass close to the telescope [107] as illustrated in figure 2.3. The
total number of Cherenkov photo-electrons N produced in a circular mirror with
radius R by a single muon hitting the telescope is given by the formula:

d3N

dldφdλ
=
α

2
sin (2θC)

ψ (λ)

λ2
D (φ) a(l, λ), (2.2)

where l is the muon path length, φ the azimuth angle in the focal plane of
the Cherenkov photon, λ its wavelength, α the fine structure constant, θC the
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Figure 2.4: Sketch illustrating the different parameters introduced in this section.
The red line illustrates the muon track which passes through the mirror of radius R,
described by the black circle, at an impact distance ρ from the mirror centre. The muon
generates Cherenkov light with the opening angle θC over its tracks and so illuminates
the mirror along the chord D(φ), where the azimuth angle φ varies between 0 and 2π
as the Cherenkov light is emitted isotropically (with the given opening angle) around
the direction of propagation of the muon. Reproduced from [108].
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Cherenkov angle, ψ (λ) the optical efficiency and a(l, λ) the atmospheric attenua-
tion [107]. D (φ) is the chord defined by the intersection of the plane of the mirror
and the plane defined with the muon and Cherenkov photon propagation direction
as illustrated in figure 2.4 and can be written as:

D (φ) =


2R
√

1−
(
ρ
R

)2
sin2 φ for ρ > R

R

(√
1−

(
ρ
R

)2
sin2 φ+ ρ

R
cosφ

)
for ρ ≤ R,

(2.3)

where ρ is the muon impact parameter as defined in figure 2.4. Here two cases
have to be considered: In the first case, the muon does not pass through the
mirror and creates an arc in the camera. In the second case, the muon passes the
camera mirror and creates a full circle in the camera. This formula is formally only
valid for circular telescope mirrors, but the HESS-I mirrors are circular enough for
this formula to be used. In contrast, CT5 is significantly non-circular and so the
formula had to be adapted for this telescope. In addition, due to the point spread
function of H.E.S.S. and the finite facet and pixel size, the ring has a finite width
which is modelled with a Gaussian added to equation (2.2).

To determine the muon efficiency, muon events recorded in normal observation
runs are used. To do this all the events are cleaned1 and then a ring finding
algorithm is used on the cleaned image to do a first selection of potential muon
rings [107]. Then, the adapted version of equation (2.2) is adjusted to the cleaned
image with a maximum likelihood fit. From this fit, the different parameters
of the muon can be extracted. Among these parameters is the muon efficiency.
The other parameters are used to perform a selection of well reconstructed muon
rings (among other not contaminated by a hadronic shower). This muon efficiency
can then be converted with the conversion factor for the difference in Cherenkov
spectrum to the muon optical efficiency of gamma rays on an event-by-event basis.
However, changes in the atmospheric conditions leading to changes in the fraction
of absorbed Cherenkov photons cannot be fully disentangled from the muon optical
efficiency using this method. This is, among other, why the muon efficiency is
varying between runs and nights. A further reason for these variations is the
limited number of muons per run (a few hundred to a few thousand depending
among other on the camera type). To compensate for these fluctuations usually
the average muon optical efficiency over a whole observation period is used.

The optical efficiency is in average less than 10 % for H.E.S.S. This value is
dominated by the quantum efficiency of the PMTs of about 20 %, but the reflec-
tivity of the mirrors (about 80 %), the collection efficiency determined by the loss
of photons between the mirrors and the PMTs (about 70 %) and the shadow of the

1The image cleaning is discussed in section 2.4.1 about the reconstruction of the events of
which image cleaning is an important part.
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Figure 2.5: Evolution of the muon optical efficiency of a H.E.S.S. telescope as a
function of run number. The slow decrease with time due to the degradation of the
optical efficiency is well visible. One also sees one big jump caused by the replacements
of the mirrors with new ones having a better reflectivity. Reproduced from [107].

cameras and masts (about 90 % unaffected) also play a role. It is decreasing with
time due to the aging of the components of H.E.S.S. as illustrated in figure 2.5.
Part of the lost efficiency could be successfully recovered in the past by cleaning
or exchanging components of the optical system such as the mirror panes or the
Winston cones.

2.3.6 Pointing corrections

To be able to determine the exact position of an observed source and to meaning-
fully combine the data taken with the different telescopes, one needs to know the
exact pointing of the different telescopes. It is not enough to determine this once,
as the pointing of the telescopes changes with time, mostly due to the slow sinking
of the telescope structures into the ground due to the weight of the telescopes. The
pointing of the H.E.S.S. telescopes is determined in regular pointing runs during
which the telescopes are pointed towards bright stars selected in a way to get
an isotropic distribution across the visible sky. This is done with closed camera
lid [109]. The light of the stars is reflected by the mirror of the telescope, onto the
camera lid and then recorded by the CCD camera in the centre of the dish which
also records the light from eight (respectively 16 for CT5) LEDs attached to the
camera frame. The position of the light spot from the stars is compared to the
position of the light spot of the LEDs. The results from different pointing runs to
different positions on the sky is used to adjust an 18-parameter mechanical model
of the telescope deformation as function of azimuth and elevation. This model is
used in observation runs to determine the exact pointing of the telescope at each
position on the sky.
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2.4 Separation & Reconstruction

The next important step after having applied the calibration is the separation and
reconstruction of the individual events. The first aim is to do a first separation
of gamma-ray events, which are the signal events, and background events (mostly
charged cosmic ray induced atmospheric showers) whose rate is by orders of magni-
tude higher, making the separation challenging. However, even the best separation
method does not lead to a perfect separation of gamma-ray and hadronic events,
but instead the selected signal events are in most cases still dominated by back-
ground events. For this reason, one calls them gamma-ray candidate events and
three main event classes are distinguished:

• Gamma-ray events are gamma-ray candidate events which are genuine gamma-
ray events. They are the events which originate from the observed sources.

• Gamma-like background events are gamma-ray candidate events which are
no gamma-ray events, so background events which were not identified as
background events during the event classification.

• Hadron-like events are the events classified as background in the separation
of gamma rays and background. They also contain both background and
gamma rays since very strict selection cuts on gamma-like events are used
in order to reduce the background as much as possible. However, if genuine
background events are needed (such as for instance in the template back-
ground subtraction described in subsection 2.5.1), a very pure sample can
easily be obtained by using a cut quite far from the gamma-like selection
cut, as the hadronic background dominates by orders of magnitude.

Gamma-ray and gamma-like background events cannot be distinguished by a sepa-
ration method. This is the reason why additional background subtraction methods
are needed as described in subsection 2.5.1.

In addition to the separation, one wants to reconstruct the parameters of the
primary particle whose signal is observed such as its direction, impact location and
energy. The oldest successful separation and reconstruction method is the Hillas
parametrization method which has been used since the beginning of ground-based
gamma-ray astronomy. A newer and more sophisticated method used in H.E.S.S. is
the so-called model reconstruction which is based on a semi-analytic shower model.
These methods are described in more detail in the following. Beside these two
methods discussed here, there are numerous other separation and reconstruction
methods, among other template reconstruction using a full Monte-Carlo model,
reconstructions based on analytic 3D models of the shower and reconstructions
based on multivariate methods, some of them also used within H.E.S.S., which are
not discussed in detail here.
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Figure 2.6: Definition of the Hillas parameters. Reproduced from [72]

2.4.1 Image cleaning

However, before doing any separation or reconstruction the calibrated image of
an event needs to be cleaned to extract the pixels that have been illuminated by
the shower from the others that only contain night sky background light. The
main idea behind this cleaning is that showers illuminate coherently many pixels
whereas night sky background is uncorrelated. This is usually done using a dual-
threshold condition with thresholds thres1 and thres2: The pixel is only kept if it
has recorded at least thres1 photo-electrons and a neighbouring pixel has recorded
at least thres2 photo-electrons or if it has recorded thres2 photo-electrons and a
neighbouring pixel at least thres1 photo-electrons and set to zero otherwise [110].
This cleaning allows among other to eliminate isolated luminous pixels illuminated
by stars. The thresholds have to be optimized in a way to eliminate as many as
possible of these noise pixels while not eliminating too many low energy gamma-ray
events. The values of the used thresholds within H.E.S.S. depend on the analysis,
but are often chosen to be 7 and 10.

2.4.2 Hillas reconstruction

Due to their almost elliptical shape, images of gamma-ray showers in Cherenkov
telescopes are traditionally parametrized by the so-called Hillas parameters. They
are named after A. M. Hillas who introduced them in 1985 [111]. In this parametriza-
tion, the image of a shower is modeled by a two-dimensional ellipse, as illustrated
in figure 2.6. This ellipse is described by its major axis (the length L) and its
minor axis (the width w). Additional parameters are the total image amplitude
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Figure 2.7: Distribution of the Mean Scaled Width and the Mean Scaled Length
for gamma rays (red) and background events (blue). The gamma-ray distribution
comes from simulations whereas the background one from a region without gamma-
ray source. In green real (background subtracted) gamma-ray events from the Crab
nebula are shown. The real gamma-ray distribution agrees well with the simulated
one and one can easily set a cut to remove most of the hadronic events. Reproduced
from [72].

(the size S), the angular distance between the centre of the camera and the im-
age centre of gravity (the nominal distance d), the azimuthal angle of the image
with respect to the main camera axis ϕ and the orientation angle of the image in
the camera α [112]. These parameters can be determined analytically from the
recorded charge in each pixel and the position of the pixel.

There are different methods to discriminate gamma-ray candidates2 from hadrons
based on the Hillas parameters. The mean scaled cuts method is based on the com-
parison of the length L and width w of the actual image with its expectation value
and variance (under the assumption it is a gamma ray) obtained from Monte Carlo
simulations of gamma rays [112] in function of the size S, the reconstructed impact
distance and the zenith angle of the observation [110]. In this method, the scaled

2Gamma-ray events cannot be completely separated on an event-by-event basis from charged
particle events as some charged particle events are very similar to gamma-ray events. For this
reason, a selected event is qualified as gamma-ray candidate: The event is potentially a gamma
ray, but could also be a cosmic-ray event looking like a gamma ray.
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width and length are defined as

SW =
w− < w >

σw
, SL =

L− < L >

σL
, (2.4)

and can then (in stereoscopic mode, otherwise Ntels is just 1) be combined into
the mean scaled sum

MSS =

∑
tels SW +

∑
tels SL√

2Ntels

. (2.5)

For gamma rays, the mean scaled sum should, by construction, follow a Gaussian
distribution with mean 0 and standard deviation 1, whereas hadrons follow a much
higher peaked distribution allowing a separation of both event types, as illustrated
in figure 2.7 (which shows the mean scaled width and length separately). As the
mean scaled sum is scaled as function of size, the selection efficiency is almost
independent on energy and so does not bias the spectrum [72].

The Hillas parameters also allow the reconstruction of the shower directions.
In single telescope observation, this is usually done using the Hillas length L and
size S to compute, using lookup tables, the angular distance to the source. Due
to the symmetry however, this leads to two degenerate solutions making the con-
sideration of skewness and kurtosis of the image necessary - which are not part
of the traditional image parametrization [72]. Stereoscopic observations make the
direction reconstruction much easier as one can simply combine all the images
taken of the shower: The source direction is given by the intersection of the major
axes of the images in the participating cameras and the impact point using the
intersection of the planes containing the telescopes and shower track [110]. The
energy of the shower is usually determined based on the image size S and the
nominal distance d, again using lookup tables [112].

2.4.3 Semi-analytic model reconstruction

In the model method, the raw images of the showers are compared to predictions
from a semi-analytic shower model [113]. This model is derived from the lon-
gitudinal, lateral and angular distribution of charged particles in a shower. This
distribution is obtained from Monte Carlo simulations which are then parametrized
to give an analytic description of the shower.

The light density from a shower at a given position in the camera I(x, y) is then
calculated by integrating over all parameters in the model, namely the altitude,
the energy, position and direction of the charged particles and the wavelength
and azimuthal angle around the charged particle of the produced Cherenkov pho-
tons. In addition, instrumental effects are taken into account and the night sky
background noise contribution is added based on a detailed statistical analysis.
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The actual images on the camera can then be compared to those obtained
from the shower model by doing a log-likelihood fit to find the most likely model
parameters for the incoming particle (energy, direction, depth of first interaction,
impact) such that the actual image corresponds to the model image under the
assumption that the incoming particle is a gamma ray. This fit is based on a pixel-
by-pixel comparison of all pixels (so no cleaning is needed here) of the recorded
intensity with the prediction from the model. As the model is only obtained from
simulations on a given grid of parameters, an interpolation is performed where
necessary.

The probability density to measure a signal s in a pixel when a signal µ is
expected is given by a combination of the Poisson distribution for the number of
photo-electrons n and the photo-multiplier resolution described by a Gaussian of
width

√
σ2
p + nσ2

γ where σp is the pedestal width and σγ the width of the single
photo-electron peak:

P (s|µ, σp, σγ) =
∑
n

µne−µ

n!
√

2π(σ2
p + nσ2

γ)
exp

(
− (s− n)2

2(σ2
p + nσ2

γ)

)
. (2.6)

From this then the pixel log-likelihood lnL = −2 lnP is obtained and, by summing
over the pixel log-likelihoods, the telescope log-likelihood can be defined [113]:

lnLtel =
∑

pixel i

lnLi =
∑

pixel i

−2 lnP (si|µi, σp,i, σγ,i). (2.7)

This log-likelihood is then minimized using a Levenberg-Marquardt algorithm
[114, 115] to find the best-fit model parameters (direction, impact, depth of first in-
teraction and energy) for the recorded image. In this minimization the correlation
matrix and so the uncertainty of the parameters is obtained too.

To qualify the goodness of the resulting fit, the goodness-of-fit is defined as
normalized sum over all pixels of the difference of the actual pixel log-likelihood
and its expectation value 〈lnL〉 |µi :

G =
1√

2NDoF

∑
pixel i

[lnL(si|µi)− 〈lnL〉 |µi ] , (2.8)

where NDoF is the number of degrees of freedom, i.e., the number of pixels minus
6. To be more sensitive to changes inside the shower itself, the computation of
the goodness-of fit is restricted to the pixels in the shower core (i.e., the pixels
attributed to the shower) leading to the so-called shower goodness SG. This
quantity is then averaged over all telescopes t to obtain the mean scaled shower
goodness MSSG:

MSSG =
∑
t

SGt − 〈SG〉
σSG
√
Nt

, (2.9)
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whereNt is the number of telescopes participating in the event and σSG the width of
the SG distribution obtained from Monte Carlo simulations. The MSSG behaves
as a Gaussian variable if the model from simulation describes real showers well.

As the model is built from Monte Carlo simulation of gamma-ray showers, it
does not describe the hadronic background well. For this reason, hadronic showers
tend to have higher values inMSSG than gamma-ray-induced showers and so one
can separate hadrons from gamma-ray candidates by defining a selection cut on
the MSSG.

2.5 Analysis

Being arrays of optical telescopes, Cherenkov telescope arrays can only observe
during dark time without too much moonlight and are heavily impacted by me-
teorological conditions. In addition, a given source can only be observed for suffi-
ciently high elevation (above 30◦ for H.E.S.S.). This makes it necessary to split the
observations of a given source in observation runs which last 28 min for H.E.S.S. To
simplify background subtraction and acceptance calculation (as discussed in detail
in subsection 2.5.2), these observation runs are usually taken in so-called wobble
mode: In this mode, multiple pointing positions (usually on a square pattern in
angular space around the source) slightly offset (0.5◦ to 1◦) from the source posi-
tion are defined for the different runs taken on the same source. This splitting, in
combination with the need to accumulate many hours of data on sources that are
visible only during a fraction of the year, leads to data taken under very different
meteorological and pointing conditions and potentially accumulated over multiple
years for a given source.

To combine this data taken under very different conditions and produce repro-
ducible results, a dedicated analysis software is needed. First of all, it needs to
account for the remaining background in the gamma-ray candidate events (which
are the majority of the events in all the reconstruction techniques) and the sig-
nal needs to be extracted by taking into account the very different gamma-ray
acceptance (probability that an event is recorded and classified as gamma-ray can-
didate) of the telescopes under these different conditions. Then, it can compute
the energy spectrum (i.e., the energy distribution of the produced gamma rays of
the source), the light curves (i.e., the variation of the source luminosity with time)
and the morphology (i.e., the spatial shape of the source) of the source.

2.5.1 Background subtraction

As the sample of gamma-ray candidates is in most cases still dominated by back-
ground events after event selection, one needs a robust subtraction method. Mainly
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two different strategies are used. One either defines a control region where no emis-
sion is expected (i.e., without any known or putative source), usually inside the
field of view of the same observation, and then subtracts the events recorded in
the control region from the region of interest correcting for a potential acceptance
difference [116]. Alternatively, one uses the events classified into a different class
(i.e., background events) recorded inside of the region of interest and subtracts
them from the gamma-ray candidate events correcting again for potential differ-
ence in the acceptance. In the following a prominent example of both strategies is
described.

Ring Background

In the ring background method [116], the control region (OFF region) is defined as
a ring around the region of interest (ON region) large enough to have no expected
signal from a potential source as illustrated in figure 2.8. If there is a region
with known gamma-ray emission on this so defined ring, it has to be excluded
from the control region. After having stacked the events from all the runs, the
number of excess events remaining after background subtraction is defined as:
Nexcess = NON−αNOFF, where NOFF is the number of events in the control region,
NON the number of events in the region of interest and α the correction factor
for a different acceptance in the control region and the region of interest whose
determination is discussed in the next section.

Template background

In the template background method [117, 116], the background is determined based
on hadronic events recorded inside the region of interest, but using a subset of the
events failing the gamma-ray selection cuts as illustrated in figure 2.9. The cut
used to define this second event class of hadronic events is usually chosen quite far
from the gamma-candidate cut in order not to contaminate the hadronic events
with gamma rays. The main advantage of this method is that there is no need
to define a control region without emission. The number of excess gamma-ray
events in the region of interest is defined as: Nexcess = Nγ-candidate − αNHadron,
where Nγ-candidate is the number of gamma-ray candidate events recorded in the
region of interest, NHadron the number of selected hadronic events recorded in the
region of interest and α the correction factor for the difference in hadronic and
gamma-ray candidate acceptance. This background subtraction method relies on
the assumption that no gamma-ray events are classified as hadronic events and so
that NHadron is independent of the presence of a source. For this reason, it is so
important to avoid contamination and to choose selection criteria quite far from
each other.
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Figure 2.8: Counts map of gamma-ray candidate events from five hours of H.E.S.S. ob-
servations on PKS 2155-304 used as example to illustrate the ring background method.
As usual, the data has been taken in wobble mode, here with alternating offsets around
the target position of ±0.5◦ in declination as indicated by the yellow marked obser-
vation positions. The ON region around the target position is marked by the white
dashed circle. As can be seen there seems indeed to be a source indicated by the strong
excess of counts in this ON region. The ring used as OFF region for the background
determination is enclosed between the two red circles. Reproduced rom [116].
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Figure 2.9: Distribution of the mean reduced scaled width (mean scaled width, as
shown in figure 2.7, divided by the square-root of the number of telescopes) for sim-
ulated gamma rays (dark distribution) and simulated protons (bright distribution). As
the distributions are significantly different, one can define a signal region of gamma-
ray candidate events and a background region of background events for the template
background subtraction. Reproduced from [116]
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2.5.2 Acceptance calculation

The acceptance describes the probability that an event of a given energy and
type triggers the system, is reconstructed and classified according to a given event
class [116]. It is as such related to the effective area, which is defined as the equiv-
alent area over which all particles would be detected, i.e., all the area over which
particles could be detected multiplied by the local sensitivities. However, unlike
the effective area, which can also depend on particle properties such as their type
or energy, the acceptance describes probabilities on particle basis and also consid-
ers misclassification. The acceptance is needed to determine the α factors in the
different background subtraction methods and to compute the fluxes of detected
sources as well as the energy spectra. One distinguishes three different types of
acceptances corresponding to the different event classes defined in section 2.4: the
acceptance to gamma-ray events, the acceptance to gamma-like background events
(the gamma-ray candidate events which are not gamma rays) and the acceptance
to hadron-like events [72]. The gamma-ray acceptance is obtained from simulation
whereas the other two are usually obtained from the data with one of the two
algorithms described in the following.

Radial acceptance

The radial acceptance calculation method assumes that the response of the system
is radially symmetric around the observation position [116]. This needs to the
necessity of correcting the variation of zenith angle across the field of view which
leads to changes in the trigger rate of the order of 2 % to 3 % on a run-by-run
basis and neglects the inhomogeneities of the response in the camera breaking this
symmetry [72]. It can be calculated on a run-by-run basis by determining the
number of recorded events as a function of angular distance to the observation
position. Regions with expected gamma-ray emission need to be excluded and are
corrected for by weighting the events at the corresponding angular distance by a
factor taking into account the covered area. This, however, does not work if this
region is at the centre of the telescope, making averaging over runs or use of a
different method necessary. To avoid this problem and to increase statistics, the
radial acceptance is often calculated over multiple runs by default. This, however,
as for the 2D acceptance discussed next, assumes that the acceptance does not
vary in shape from one run to the next.

2D acceptance

The 2D acceptance calculation method relies on observation runs which were taken
at slightly different pointing positions around the observed region of interest. If the
runs have been taken in the usually used wobble mode, this condition is fulfilled. It
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Figure 2.10: Illustration of 2D acceptance calculation. Top: Construction of exposure
map by summing fraction of time in which each position in the camera was not part
of an exclusion region over runs. The events map is constructed in a similar fashion:
Instead of summing the fraction of time in which each position was not part of an
exclusion region, the number of events recorded at each position while it was not part
of an exclusion region is summed. Bottom: Generation of acceptance map by dividing
events map through exposure map. Both reproduced from [72].
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assumes that the acceptance in the camera field of view does not vary in shape from
one run to another even though taken at slightly different pointing positions and
so smears out all field of view-specific influences [72]. To obtain the 2D acceptance,
first an exposure map for each run is constructed in which for each position in the
camera the fraction of time it was an excluded region is determined as illustrated
on the top of figure 2.10. Then, the exposure maps of all runs weighted by the
number of events outside an exclusion region are summed in the camera frame.
Finally, the acceptance map is obtained by dividing the events map (of the events
being outside of an exclusion region) summed up over all runs in the camera frame
by the summed exposure maps as illustrated on the bottom of figure 2.10.

2.5.3 Statistical significance

In the previous section, the determination of the number of excess events in a re-
gion of interest using different background subtraction and acceptance calculation
methods was shown. It is, however, not this number of excess events which one
is really interested in, as this number alone does not indicate whether one is just
looking at a background fluctuation or a real gamma-ray source, but one would like
to have a method to quantify the statistical significance of a source. For this one
uses again the number of events NON measured in the region of interest (respec-
tively Nγ-candidate for the template background method) and compares it with the
expected number of ON-events αNOFF (respectively αNHadron) in the background
only case obtained from a control region.

In gamma-ray astronomy, the statistical significance is usually determined using
the Li & Ma method in which the significance is defined as:

S =
√
−2 lnλ, (2.10)

where λ is the likelihood-ratio between the two hypotheses that NON results from
background events and signal events and that NON results only from background
events [118]. The probability for the first case, i.e., to measure NON in the region
of interest and NOFF events in the control region expecting B background events
(in the control region) and S signal events (in the region of interest) can be written
as:

P (NON, NOFF|S,B) =
e−(S+αB)(S + αB)NON

NON!
× e−BeNOFF

NOFF!
, (2.11)

whereas the probability for the second case (the so-called null hypothesis) can be
written as:

P0(NON, NOFF|B) =
e−αB(αB)NON

NON!
× e−BeNOFF

NOFF!
. (2.12)

The optimal number of signal S̄ and background events B̄ (i.e., the one maximizing
the probabilities) is then determined by setting the derivative of the probabilities
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against these numbers to zero leading to S̄ = NON−αNOFF and B̄ = NOFF in the
signal and background case respectively B̄0 = NON+NOFF

α+1
in the background only

case.
This then leads to the likelihood ratio:

λ =
P0(NON, NOFF|B̄0)

P (NON, NOFF|S̄, B̄)
=

(
α

1 + α

NON +NOFF

NON

)NON
(

1

1 + α

NON +NOFF

NOFF

)NOFF

,

(2.13)
and to S =

√
−2 lnλ being expected to follow a Gaussian distribution with average

0 and width 1 in the case NON is due to Poisson background fluctuations only and
so being a measure of the statistical significance of a potential source.

This method relies on a good knowledge of α (the ratio of the expected number
of background events in the ON- and OFF-region). This α is also affected by
uncertainties not taken into account in this significance calculation method and
often also obtained from the analysed data. In this case, this method does not
work well for very low statistics.

2.5.4 Energy spectrum determination

The energy spectrum of a source is its differential flux as function of energy. Its
determination is again based on a log-likelihood comparison of the expected num-
ber of events and the observed number of events as for the determination of the
significance of a source. However, for the spectrum determination this comparison
is done in four-dimensional bins of energy E, zenith angle δ, off-axis angle ψ and
telescope optical efficiency ε as the acceptance A(E|δ, ψ, ε) for different energies is
very dependent on the last three parameters [72]. In addition to this variation of
acceptance, one needs to take into account the fact that the reconstructed energy
Erec in an event does not completely corresponds to its true energy Etrue [119].
For this reason, the resolution function R(Erec, Etrue|δ, ψ, ε) which is defined as the
probability density function to measure a reconstructed energy Erec for a given true
energy Etrue, and is again dependent on the observation conditions, is introduced.
This resolution function is a so-called instrument response function (IRF) of the
H.E.S.S. telescope. These IRFs describe how the H.E.S.S. system reacts to a given
gamma-ray signal. Beside the resolution function, the point spread function PSF
and the effective area are IRFs. The PSF, which also depends on E, δ, ψ and ε,
describes the response of H.E.S.S. to a point source and the extended shape it has
in the camera. As described here, in standard analyses these IRFs are produced
in four-dimensional bins of E, δ, ψ and ε and then interpolated. In chapter 5,
a novel analysis method which uses unbinned IRFs developed in order to detect
interstellar diffuse emission is described.

The expected number of gamma-ray events nγ in a given reconstructed energy
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Figure 2.11: Illustration of the difference between different spectral shapes used in
gamma-ray astronomy, here fit to the same 1998 dataset taken on Mkn 421 with
CAT, a former Imaging Atmospheric Cherenkov Telescope. Left: Power-law spectrum.
Right: Curved power-law spectrum. Reproduced from [119]

interval [Erec,1, Erec,2] for a given source spectrum φ(Etrue) = dN(Etrue)/dEtrue can
then be written as:

nγ =

∫ Erec,2

Erec,1

dErec

∫ ∞
0

dEtrueR(Erec, Etrue|δ, ψ, ε)A(Etrue|δ, ψ, ε)φ(Etrue). (2.14)

The determination of the spectrum φ(Etrue) is usually based on a so-called
forward folding technique in which one assumes spectral models φ(Etrue, α), where
α are potential free parameters of the model, and retains the model delivering the
best fit to the data. Some of the numerous commonly used models in gamma-ray
astronomy are:

• A power-law spectrum: dN
dE

= N0

(
E
E0

)−Γ

• A curved power-law spectrum (log-parabola function): dN
dE

= N0

(
E
E0

)α−β ln E
E0

• A power-law spectrum with exponential cut-off: dN
dE

= N0

(
E
E0

)−Γ

e
− E

EC .

An example of a power-law and a curved power-law spectrum fit to the same
dataset is shown in figure 2.11.

The likelihood P (NON , NOFF |nγ, nh), which is defined in the same way as for
the determination of the significance, is then maximized for the different mod-
els [119]. This delivers the best-fit parameters α and their uncertainties, the co-
variance matrix from which the uncertainty in flux at each energy can be deter-
mined, the expected number of events in each bin and the final log-likelihood from
which a goodness-of-fit parameter can be determined.
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Figure 2.12: Left: Effective area (after selection cuts) of the semi-analytic model
analysis for the different analysis modes. Right: Differential sensitivity of the semi-
analytic model analysis for the three analysis modes of HESSII data, as well as for
HESSI for comparison. Reproduced from [120].

2.6 Performance

As the H.E.S.S. array is constituted of five telescopes of two different types, differ-
ent reconstruction methods are conceivable for the individual events of the data
taken with all five telescopes [120]. Indeed all the events can be reconstructed
stereoscopically in all telescopes as for observations with the four HESSI telescopes
(Stereo mode) and so take advantages of the improved stereoscopic direction recon-
struction discussed earlier. However, the reconstruction of monoscopic events from
CT5 allows to significantly reduce the energy threshold as CT5 is much larger. For
this reason, there is also a Mono mode in which events are reconstructed solely
based on CT5. Finally, there is a Combined mode in which the event reconstruc-
tion leading to the smallest reconstructed direction uncertainty is retained for each
event or the reconstruction which could be performed if an event is not recorded
in telescopes of all types.

The performance of H.E.S.S. depends on the chosen reconstruction. Mono
mode reaches the best performance at the lowest energies, whereas Stereo mode
performs better at higher energies and Combined mode combines both. In addi-
tion, the performance decreases with zenith angles and depends on observational
conditions and the instrument status. High night sky background or a high broken
pixel fraction decrease for instance the performance. For this reason, the perfor-
mance of H.E.S.S. under good conditions at 18◦ zenith angle is discussed here
for the different modes based on Monte Carlo simulations using the semi-analytic
model reconstruction [120].

The effective area for the different reconstruction modes is shown on the left of
figure 2.12. One can see that above energies of about 300 GeV, the Stereo mode
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using all five telescopes and the Combined mode perform similar to the Stereo
mode using only the four HESSI telescopes, and so that the addition of CT5 does
not improve the performance a lot at energies above this threshold [120]. Indeed,
the performance of the CT5 Mono analysis is much lower above this threshold.
However, the picture changes drastically at lower energies. Indeed, below energies
about 100 GeV, the Mono mode starts to become much more performant than the
Stereo modes. As expected, the Combined mode approaches the Mono mode at
low energies and the Stereo mode at high energies, and so provides the best energy
coverage.

The differential sensitivity for the different reconstruction modes is shown on
the left of figure 2.12. It is here defined as the minimum source strength of a
point-like source for it to be detected at 5σ after 50 h of observation at a given
energy range using five energy bins per decade [120]. The picture is similar than
for the effective area, however the sensitivity is slightly worse in the Combined
mode than in the Stereo mode at high energies, which indicates that there was
still room for improvement in the selection cuts in the Combined mode compared
to the Stereo mode at the moment this study was performed. However, the plot
shows that H.E.S.S. is sensitive to a source with about 1 % of the Crab flux within
50 h over a large energy range.

The angular resolution, defined as the 68 % containment radius of the point
spread function, is below 0.1◦ over the full energy range, and even below 0.06◦ in
the TeV range and has only a small dependence on zenith angle [113]. The energy
resolution is about 10 % over the whole sensitive energy and zenith angle range,
and always between 5 % and 15 %.
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Chapter 3

Improved calibration of optical
efficiency at large zenith angle

3.1 Zenith angle dependence in the muon optical
efficiency

As I discuss in chapter 4, an important part of the work presented in this thesis was
the test of a novel optical efficiency calibration method for Imaging Atmospheric
Cherenkov Telescopes using an unmanned aerial vehicle (UAV)-mounted artificial
light source. To verify the performance of this method, I wanted to compare it with
the so far used muon calibration method described in section 2.3.5. However, upon
investigation of the UAV runs, I noticed that the muon optical efficiencies obtained
from the runs performed for UAV calibration were significantly lower than the ones
obtained from runs performed for normal H.E.S.S. observations. One of the main
differences between UAV observation runs and normal observation runs is the fact
that UAV runs are taken at much higher zenith angle than most observation runs
(as also discussed in more detail in chapter 4).

For this reason, I investigated a potential zenith angle dependence of the muon
optical efficiencies. The long-term variation of the optical efficiency as obtained
from the muon calibration is dominated by the degradation of the telescopes’
optical elements with time and so-called seasonal effects. These seasonal effects
are not directly related to a change of the optical efficiency, but to the seasonal
changes of the atmospheric conditions. These changes modify the atmospheric
absorption of the Cherenkov light emitted by muons, leading to a seasonal variation
of the Cherenkov light emitted from muons reaching the telescopes. This leads to
a change of the optical efficiencies obtained with the muon calibration which is not
due to a change of the physical optical efficiencies, but to a change of atmospheric
conditions. On short time scales, changes in meteorologic conditions and the low

65
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number of muons recorded in some runs lead to statistical fluctuations between
individual runs and observation nights.

This means that in order to detect any potential small zenith angle dependence
of the muon optical efficiency, one needs to integrate data over a long enough run
range to mitigate the effect of run-to-run statistical fluctuations. To disentangle
these run-to-run fluctuations from systematic effects, I proposed to first group
them in zenith angle bands of 5◦ and then average in each band results from runs
taken at similar times. This however resulted in too low statistics or the time
range being too long leading to any potential signal being hidden by the seasonal
variations. For this reason, I decided to build a running average optical efficiency
which evolves with the seasonal variations and to compare the optical efficiency
in each zenith angle band against this running average. However, as I wanted
to check for a possible zenith angle dependence in the optical efficiencies, I only
used low zenith angle runs between 20◦ and 40◦ for building the running average1.
I computed this running average muon optical efficiency by averaging over the
previous 30 runs taken with a zenith angle between 20◦ and 30◦ and the previous
30 runs taken with a zenith angle between 30◦ and 40◦ leading to an average over 60
runs in total. This led to a "current average muon optical efficiency" for each point
in time, i.e., for each individual run, which should encompass seasonal variations.
Then for each run, I normalized the optical efficiency by the "current average muon
optical efficiency". This allows me then to look at the muon optical efficiency as a
function of zenith angle over long time ranges without being impacted too much
by seasonal variations.

The evolution of these normalized optical efficiencies as a function of zenith
angle over a run range of 10 000 CT1-4 runs taken before camera upgrade is shown
in figure 3.1 for CT1 for the about 3500 observation runs in this run range including
CT1, but the dependence was similar in the other telescopes. The plot shows that
the obtained muon optical efficiencies are stable for low zenith angles whereas
there is a clear decrease with high zenith starting around 50◦ zenith angle. For
run ranges including runs taken with CT5, the decrease with zenith angle was less
pronounced, not only in CT5, but also in CT1-4. This completely unexpected
behaviour is discussed in the next section.

3.2 Revisiting the event selection

As the muon rings used for the muon calibration are reconstructed in the individual
telescopes and not in stereoscopic mode as they do not cross several telescopes,
the different zenith angle dependence in CT1-4 when CT5 is included hints to a

1I did not use lower zenith angle runs, as they were too few in number to have a similar size
angular range with as many runs per time interval.
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Figure 3.1: Optical efficiency normalized by running average over low zenith angle
runs as a function of zenith angle for about 3500 runs for CT1. The uncertainty
bars indicate the standard deviation of each bin value in order to illustrate the spread
between the different runs.

Figure 3.2: Distribution of muon optical efficiencies on an event-by-event basis. Left:
For a high zenith angle run (63◦). Right: For a low zenith angle run (14◦).



68 CHAPTER 3. OPTICAL EFFICIENCY AT LARGE ZENITH ANGLE

problem in the event selection. I investigated the difference in the event selection
by looking at two examples of normal observation runs, one taken at high zenith
angle (63◦) and one taken at low zenith angle (14◦). The distribution of the muon
optical efficiencies on an event-by-event basis, after applying quality cuts on the
muon events, is shown in figure 3.2 for these two runs. The muon efficiencies are
Gaussian distributed around a central value for the low zenith angle run, as one
expects during the measurement of most physical quantities subject to statistical
uncertainties. However, the distribution for the high zenith angle run shows a tail
or second component on the left of the Gaussian distribution.

This indicates that the event selection behaves differently at high zenith angle
and indeed looking at the events in this tail, it is visible that they are badly
reconstructed. Hence, I had a closer look at the used and potential new cut
variables. The distribution of the main potential cut variables as a function of
the optical efficiencies before applying any cut (except for the selection of events
well suited to fit a muon ring) is shown in figure 3.3 for the high zenith angle
run. So far, mostly the distance of the camera centre to the reconstructed impact
position of the muon and the intensity of the muon ring (i.e., the total number
of photo-electrons in the muon ring) have been used as cut variables. However,
the figure seems to indicate that the goodness of the fit, which has so far not
been used in the event selection, might also be a good cut variable as most events
with a particularly low or high efficiency have a higher goodness value. Here the
goodness is again defined as difference of the actual log-likelihood of the fit and its
expectation value normalized by the number of degrees of freedom as in section
2.4.3:2

G =
1√

2NDoF

∑
pixel i

[lnL(si|µi)− 〈lnL〉 |µi ] , (3.1)

meaning that a higher goodness value indicates a worse fit of the muon ring.
So, setting a minimum goodness cut removes most of the badly reconstructed

muon events and leads to the disappearance of the high zenith angle tail in the
muon efficiency distribution as illustrated in figure 3.4 at the cost of losing statis-
tics. The distribution for the low zenith angle run is not impacted except that it
is losing statistics too.

However, I noticed that this new cut on muon goodness is very efficient to
select clean muon rings and thus allows to relax the cut on the minimum muon
intensity without deteriorating the distribution of the efficiencies. This allows to
recover and even increase statistics with respect to the initially implemented cuts

2The model used for the fit in section 2.4.3 was of course very different, since there I looked
at a semi-analytic gamma-ring model whereas here I look at a muon ring model. However, one
can still define the goodness of this fit in the same way in order to exclude the events with a bad
fit.
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Figure 3.3: Muon optical efficiencies as a function of different cut variables used for
the identification of well reconstructed muon events, before applying any cut beside an
initial event selection, for the high zenith angle run. From left to right, top to bottom:
Efficiency vs the radius of the fit muon ring; the width of the fit ring; the distance
of the centre of the camera from the reconstructed impact position of the muon; the
distance of the centre of the ring from the centre of the camera; the intensity of the
muon ring; the goodness of the fit of a ring to the recorded light intensity (lower values
indicate a better fit). In addition, the distribution of the optical muon efficiencies on
an event-by-event basis before applying any cut is displayed on the bottom plot.
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Figure 3.4: Left: Goodness of fit of the muon ring as a function of muon optical
efficiency after applying the new goodness cut for the high zenith angle run; Right:
Distribution of muon optical efficiency on an event-by-event basis after applying the
new goodness cut for the high zenith angle run. The tail of badly reconstructed muons
almost disappears.

(about 34 % more selected muon rings for the high zenith angle run).

3.3 Cure of zenith angle dependence

This shows that these new cuts work well for the two considered runs, but it
needs to be tested on a long run range to make sure that there are no unwanted
side effects. To do this, the whole run range considered in figure 3.1 has been
recalibrated using the new cuts. This led to no significant change for runs with
zenith angle below 50◦, showing that the new cuts perform similarly on this zenith
angle range and that they can safely been used there. For runs taken at high zenith
angle, the average muon optical efficiencies increased compared to before. Plotting
again the optical efficiency normalized by the same running average as on figure
3.1 as a function of zenith angle, the muon optical efficiencies are almost constant
with respect to zenith angle as illustrated in figure 3.5. This shows that these
new cuts removing the badly reconstructed muons at high zenith angle remedy
the zenith angle dependence of the optical muon efficiencies without having a bad
impact on low zenith angle runs.

Similar tests have also been performed on run ranges including CT5 and af-
ter the camera update of CT1-4 and no negative side effects have neither been
observed, while the zenith angle dependence was also resolved for these runs. In



3.3. MUON OPTICAL EFFICIENCIES OF UAV CALIBRATION RUNS 71

Figure 3.5: Optical efficiency normalized by running average over low zenith angle runs
obtained using the new selection cuts as a function of zenith angle for about 3500 runs
for CT1. The uncertainty bars indicate the standard deviation of each bin value in
order to illustrate the spread between the different runs.

view of these results, these new cuts are now part of one of the standard calibra-
tion chains of H.E.S.S. and are so applied during the muon calibration of newly
taken runs. In addition, all the runs taken at zenith angle above 55◦ have been
recalibrated using the new cuts. This does not have a significant impact on the
optical efficiencies used in H.E.S.S. analyses as they are averaged over the whole
observation period, outliers are removed in this average and runs are taken at low-
est possible zenith angle to reduce systematic uncertainties. Indeed, for normal
observation runs the maximum used zenith angle is 60◦ and there are only very
few runs between 55◦ and 60◦ zenith angle. However, having the correct muon
efficiencies for high zenith angle runs too can be crucial when looking at the muon
efficiencies of individual runs, for instance for debugging purposes or when trying
to optimize an analysis.

3.4 Revisiting the muon optical efficiencies of the
UAV calibration runs

After having removed this zenith angle dependence from the muon optical effi-
ciencies, they were recomputed over the observation periods during which UAV
calibration runs were taken. However, even though the muon optical efficiencies of



72 CHAPTER 3. OPTICAL EFFICIENCY AT LARGE ZENITH ANGLE

Run Number
138.2 138.4 138.6 138.8 139

310×

Effi
ci

en
cy

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

 / ndf 2χ   8511 / 227

p0       05− 1.447e± 0.09084 

 / ndf 2χ   8511 / 227

p0       05− 1.447e± 0.09084 

Optical Efficiency CT1 CT1_OptEffEvolHistoDistry

Entries  228

Mean   0.09071

RMS    0.00186

 / ndf 2χ  17.37 / 10

Constant  5.61± 65.05 

Mean      0.00008± 0.09092 

Sigma     0.000055± 0.001036 

Efficiency
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

# 
R

un
s

0

10

20

30

40

50

60

CT1_OptEffEvolHistoDistry

Entries  228

Mean   0.09071

RMS    0.00186

 / ndf 2χ  17.37 / 10

Constant  5.61± 65.05 

Mean      0.00008± 0.09092 

Sigma     0.000055± 0.001036 

Optical Efficiency CT1

UAV
observation runs

Run Number
138.2 138.4 138.6 138.8 139

310×
Effi

ci
en

cy
0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

 / ndf 2χ  6.71e+04 / 250

p0       05− 1.312e± 0.09243 

 / ndf 2χ  6.71e+04 / 250

p0       05− 1.312e± 0.09243 

Optical Efficiency CT2 CT2_OptEffEvolHistoDistry

Entries  251

Mean   0.09232

RMS    0.003354

 / ndf 2χ   27.2 / 16

Constant  6.97± 80.35 

Mean      0.00007± 0.09294 

Sigma     0.0000491± 0.0008889 

Efficiency
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

# 
R

un
s

0

10

20

30

40

50

60

70

80

CT2_OptEffEvolHistoDistry

Entries  251

Mean   0.09232

RMS    0.003354

 / ndf 2χ   27.2 / 16

Constant  6.97± 80.35 

Mean      0.00007± 0.09294 

Sigma     0.0000491± 0.0008889 

Optical Efficiency CT2

UAV
observation runs

Run Number
138.2 138.4 138.6 138.8 139

310×

Effi
ci

en
cy

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

 / ndf 2χ   6846 / 252

p0       05− 1.299e± 0.09939 

 / ndf 2χ   6846 / 252

p0       05− 1.299e± 0.09939 

Optical Efficiency CT3 CT3_OptEffEvolHistoDistry

Entries  253

Mean   0.09929

RMS    0.001299

 / ndf 2χ  9.613 / 10

Constant  6.43± 78.55 

Mean      0.00007± 0.09936 

Sigma     0.0000522± 0.0009929 

Efficiency
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

# 
R

un
s

0

10

20

30

40

50

60

70

80

CT3_OptEffEvolHistoDistry

Entries  253

Mean   0.09929

RMS    0.001299

 / ndf 2χ  9.613 / 10

Constant  6.43± 78.55 

Mean      0.00007± 0.09936 

Sigma     0.0000522± 0.0009929 

Optical Efficiency CT3

UAV
observation runs

Run Number
138.2 138.4 138.6 138.8 139

310×

Effi
ci

en
cy

0.08

0.082

0.084

0.086

0.088

0.09

0.092

0.094

0.096

0.098

0.1

 / ndf 2χ   7210 / 252

p0       05− 1.321e± 0.09272 

 / ndf 2χ   7210 / 252

p0       05− 1.321e± 0.09272 

Optical Efficiency CT4 CT4_OptEffEvolHistoDistry

Entries  253

Mean   0.0926

RMS    0.001404

 / ndf 2χ  11.42 / 10

Constant  6.78± 78.65 

Mean      0.00007± 0.09276 

Sigma     0.0000594± 0.0009867 

Efficiency
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

# 
R

un
s

0

10

20

30

40

50

60

70

CT4_OptEffEvolHistoDistry

Entries  253

Mean   0.0926

RMS    0.001404

 / ndf 2χ  11.42 / 10

Constant  6.78± 78.65 

Mean      0.00007± 0.09276 

Sigma     0.0000594± 0.0009867 

Optical Efficiency CT4

UAV
observation runs

Figure 3.6: Optical efficiencies determined with the muon calibration method over one
of the shift periods during which UAV calibration data has been taken using the four
HESSI telescopes. The muon optical efficiencies of the runs taken in UAV calibration
configuration are circled in green. They have clearly lower optical efficiencies than all
the other runs taken in the same observation period.
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the UAV calibration runs increased by 1 % to 2 %, they were still lower than the
ones of normal observation runs taken in the same observation period as illustrated
in figure 3.6. As there is no indication for any strong remaining zenith angle de-
pendence, I started to investigate other differences between UAV calibration runs
which could potentially cause such an effect.

Up to now, there have been two UAV calibration campaigns taken, one in May
2018 and one in November 2019, and during these two UAV campaigns slightly
different settings were used. Whereas in the first campaign, only the four HESSI
telescopes were used, some of the runs also included CT5 in the second campaign.
Both of these configurations are also frequently used during normal observation
runs, however other settings used during the UAV calibration runs are very un-
common for other runs, namely:

• The UAV calibration runs were taken at high zenith angle (about 75◦ in the
first campaign and about 63◦ in the second campaign).

• During the first campaign, events were recorded even if they only triggered
one telescope (so-called multiplicity 1 events) which is very uncommon for
H.E.S.S. observations. For the second campaign, two triggering telescopes
were required as is done during normal observations.

• The UAV calibration runs were taken in so-called convergent pointing, i.e., all
the telescopes were pointing to the nominal UAV position instead of pointing
parallel to a position on the sky.

• The telescopes were pointing to a fixed position instead of tracking a source.

Over the lifetime of H.E.S.S., a few hundreds of runs have been taken with multi-
plicity 1 and runs have also been taken while not tracking a source at fixed altitude
and azimuth. As for the zenith angle, no obvious correlation could be found. How-
ever, only 5 runs have been taken in convergent pointing mode (except for the runs
taken in UAV configuration) and they only contain very few muons due to having
been taken with multiplicity 2, which makes a conclusive statistical comparison
impossible. However, such a dependence on convergent pointing is very unlikely
for the multiplicity 1 runs as the same muons should be recorded by the individ-
ual telescopes independently of the pointing of the other telescopes. So, none of
these differences between UAV calibration runs and normal observation runs can
explain the difference in the obtained muon optical efficiencies between these two
run types at this stage.

The diminution of the muon optical efficiencies for UAV calibration runs is
about 10 % for CT1 and 5 to 6 % for the other telescopes in the first campaign
and 9 % for CT3 and 1 to 4 % for the other telescopes in the second campaign.
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However, during the second campaign, the sky was covered and this together with
the multiplicity 2 requirement led to very few muons being recorded. In addition,
the impact of the covered sky on the recorded muon efficiencies is unclear as
normal observations can only be taken in good weather conditions. However, the
diminution is present in the first campaign too, and even stronger, even though it
has been taken under good weather conditions.

It is important to note that these values show that the amount of the diminution
is different in the different telescopes. The cause of this is as the reason for the
diminution itself completely non-understood. However, this means that not only
the absolute muon efficiencies, but also the relative muon efficiencies are impacted
and so that one has to take this into account when trying to compare these relative
efficiencies to the ones obtained with UAV calibration.

As the origin of this difference in the obtained muon efficiencies for UAV cali-
bration runs and normal observation runs is completely unclear and no difference
to normal observation runs could be seen with archival data having some of the
characteristics of the UAV calibration runs, we proposed to take technical runs in
the UAV calibration configuration at different zenith angle and in convergent and
non-convergent pointing mode to disentangle potential reasons which could lead to
this diminution. These observations have been accepted thanks to my findings and
will be taken later this year (i.e., 2021) and can so unfortunately not be considered
anymore for this work. For this reason, the period average muon efficiencies were
used in this work as these are the efficiencies that have been well studied and have
proven their reliability in numerous H.E.S.S. studies unlike the muon efficiencies
obtained from UAV calibration runs.



Chapter 4

UAV calibration

4.1 Limitations of the muon-based optical efficiency
calibration

As discussed in section 2.3.5, the calibration of the optical efficiency is an important
step in the calibration of Cherenkov telescopes. For all the three major Imaging
Atmospheric Cherenkov Telescope arrays, this is done with muon rings. This
technique is used as muon rings have many properties which make them well suited
for this task. First of all, the light yield recorded from a muon in a Cherenkov
telescope does almost not depend on the energy of the muon as they are mostly
ultra-relativistic to have a high chance to reach the telescopes, making it easy to
predict the amount of light which could geometrically reach the camera. Then,
muons which pass through the mirror of a telescope are easily distinguishable from
other events due to their characteristic ring form. In addition, optical efficiency
calibration with muons does not need any extra observation time (as many other
calibration steps), as muons anyways constitute a background to the observed
gamma rays in normal observations and the muons recorded during the regular
observations can be used for the calibration. Last, muons have also a very similar
Cherenkov spectrum to gamma rays. The only difference is that the recorded
Cherenkov light from identified muons is emitted in average at lower altitudes
than the recorded Cherenkov light from gamma rays making the ultraviolet part
of their spectrum less impacted by atmospheric absorption. This also constitutes
the biggest limitation of the muon calibration method: the optical efficiency in the
ultraviolet range impacts the recorded muon events much more than the recorded
gamma-ray events. Any wavelength dependent evolution of the optical throughput
(i.e., among other in the quantum efficiency, mirrors, ...) can so not be properly
monitored with muons alone. This increases the uncertainties of this method if its
extent of this difference is not well assessed.

75
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Current generation Cherenkov telescope arrays are, except for H.E.S.S., only
constituted of telescopes of the same type, which reduces the impact of this lim-
itation as the wave-length dependency of the evolution of the optical efficiency
should be very similar from one telescope to the other1, leading to this effect only
introducing an overall systematic uncertainty on the light yield of recorded events
and not to an uncertainty which is different for each telescope. This then leads
to an overall uncertainty on the light yield which is small enough to achieve the
overall foreseen uncertainty budget. However, for the planned array CTA, the
story is different. First of all, CTA will be constituted of three different types
of telescopes which might not show the same wavelength dependent evolution of
their optical efficiency. Then, CTA is planned to fulfil much higher requirements
in systematic uncertainty than the arrays currently in operation: among other
the systematic uncertainty on the overall energy scale should be below 10 % and
the uncertainty on the absolute intensity of the Cherenkov light in each telescope
below 8 % [121]. An improved version of the currently applied muon calibration
technique will work well enough to reach these requirements for any wavelength
independent degradation of the optical efficiency. To partially circumvent the lim-
itation of the muon calibration being sensitive to the ultraviolet, the telescopes
will be designed to only record a negligible part of the spectrum at wavelength be-
low 290 nm (wavelength below which Cherenkov radiation from showers induced
by primary gamma-rays is anyway almost completely absorbed). Nevertheless,
the expected long-term wavelength dependent degradation of the optical systems
might lead to an over-correction of the efficiency of up to 13 % using only muons
for the calibration of the optical efficiencies, making it impossible to reach the re-
quirements. For this reason, the wavelength dependent degradation of the optical
efficiency will be needed to be determined from time to time. To monitor this
wavelength dependent degradation, different solutions have been envisaged, based
mostly on ground-based or airborne artificial light sources illuminating the tele-
scopes directly or indirectly. In my work, I have considered an airborne calibration
source on an unmanned aerial vehicle (UAV), concept which will be discussed in
more detail in the next subsection.

4.2 UAV calibration concept

The very recent evolution in flight performance of UAV due to improvement in
battery performance and carbon fibre technology have rendered possible to use
them for calibration tasks in astronomical facilities. One of the first facilities who

1Except for the PMT-to-PMT variations of the quantum efficiency. The effect of this should
however be limited too due to the big number of PMTs per telescope (960 for each HESS-I
telescope for instance).
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Figure 4.1: Principle of telescope optical efficiency calibration with a UAV. The UAV
is put to a stable position above the array and an LED mounted on it is illuminating
the telescopes of the array with light pulses. Reproduced from [123].

took advantage of this was the Pierre Auger Observatory which successfully used
UAVs to determine the point spread function of their fluorescence telescopes [122].
In this thesis, first tests to use such a UAV to inter-calibrate Imaging Atmospheric
Cherenkov Telescopes are discussed.

The basic idea is, as described in the feasibility study for using this technique
with the future CTA array conducted by Anthony Brown [123], to have a UAV
such as a hexacopter or octocopter communicating via radio with the ground
station, and on which a pulsed wide-beamed light source, such as a light emitting
diode (LED) with a diffuser, is mounted in order to be able to illuminate as many
telescopes as possible. The UAV is then put to a stable position above the array to
illuminate the telescopes as illustrated in figure 4.1. The LEDs are programmed to
emit pulses of a few ns for the light recorded by the telescopes to be as similar as
possible to light emitted by showers. To do a multi-wavelength optical calibration,
one can simply mount multiple LEDs emitting light at different wavelengths on
the UAV.

For large arrays, such as the Southern site of CTA, there has to be a com-
promise between illuminating as many telescopes as possible with an as equal
amount of light as possible (and so similar distances of the UAV to the different
telescopes), which requires a high altitude for the UAV, and altitude restrictions
due to the battery performance of the UAV, the brightness of the LEDs and at-
mospheric absorption which needs to be kept at a minimum, especially for an
absolute calibration. In addition, CTA South will be constituted of three different
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types of telescopes with very different mirror sizes and so very different recorded
intensities for the UAV being at the same distance. Both combined might lead to
the necessity of having different UAV positions for cross-calibrating this array in
order for the light to be in the dynamical range of each telescope. For the UAV
being at a reasonable altitude of 1300 m, one would need about four positions to
cross-calibrate CTA South [123].

4.3 Setup

Such considerations are not necessary for the H.E.S.S. telescope array on which
we tested this calibration method due to its much smaller size. It is no problem
to illuminate all telescopes, even for the UAV being at much lower altitude. For
these tests, an off-the-shelf octocopter with 16 A h lithium polymer batteries was
used. On this UAV a UV LED flasher system was mounted, which was able to
emit 4 ns pulses at a wavelength of 400 nm. In front of the UAV flasher system a
50◦ circular top-hat diffuser was installed.

Two test campaigns have been conducted so far, one in May 2018 and one in
November 2019. In both of these test campaigns, the UAV was taking off at the
H.E.S.S. residence which is 800 m South East from the centre of the H.E.S.S. array
as illustrated in figure 4.2. This take-off location was chosen for multiple reasons.
First of all, the UAV could not fly above the array as a safety requirement and
being at larger distance reduces the requirement of light control at the take-off
location making the handling of the UAV for this test campaign easier. Second,
being at a larger distance reduces the altitude which the UAV needs to reach to be
in the field of view of all telescopes which allows a longer stay at the calibration
point with limited battery performance. The exact position of the take-off position
was determined by the readily availability of electricity at the residence allowing to
recharge the UAV battery between different runs during the same night. However,
this large distance to the centre of the array also led to the UAV being at quite
low elevation for these two campaigns, which is very different from regular obser-
vations. The configuration of the different runs taken during these two campaigns
is summarized in table 4.1 and discussed in more detail in the following.

In the first campaign, three runs have been taken over two nights for which
the UAV was going vertically up to about 200 m above ground level, leading to
a zenith angle of about 75◦. In this campaign, as a first test, only CT1-4, which
were pointing convergently (i.e., all the telescopes were pointing to the same point
at low altitude instead of pointing almost parallel as in usual observations) to the
nominal UAV position, were used. The main reason for CT5 not being used, was
that convergent pointing was not implemented at that time for CT5. For the first
two runs, the UAV was flashing at a frequency of 1 Hz whereas for the last run the
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Figure 4.2: Illustration of the take-off position of the UAV. On the top left, one can
see the H.E.S.S. array with its five telescopes. On the bottom right, one can see
the residence with the approximate take-off location marked by a red cross. Picture
reproduced from [124] (Google Maps).

1st Campaign 2nd Campaign
Date May 2018 November 2019

Number of runs 2 1 6 4
Zenith angle 75◦ 75◦ 63◦ 63◦

Telescope CT1, CT2 CT1, CT2 CT1, CT2 CT1, CT2, CT3
configuration CT3, CT4 CT3, CT4 CT3, CT4 CT4, CT5

Light source frequency 1 Hz 60 Hz 1000 Hz 1000 Hz
Brightness level Low High Different Different

of recorded images
Minimum trigger 1 1 2 2

multiplicity

Table 4.1: The different run parameters used in the different runs of the first and
second campaign.
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frequency was increased to 60 Hz. In addition, a different illumination setting was
used in the last run, leading to 8 times brighter recorded images as is discussed in
more detail in section 4.8.

In the second campaign, ten runs have been taken over three nights for which
the UAV was going vertically up to about 400 m above ground level and CT5 was
used this time. The chosen altitude was higher for two reasons: first of all, this
reduced the zenith angle to about 63◦, bringing the conditions closer to normal
observations, even though it is still higher than the usual maximum zenith angle
of 60◦. Second, the H.E.S.S. telescopes are designed to focus at the height of the
shower maximum at about 8 km above the H.E.S.S. array [125]. This leads to
the images of the light emitted by the light source on the UAV to be very de-
focused in the cameras due to the UAV being much closer to the telescopes than
the showers. For this reason, the images are extended in the camera and especially
big for CT5 which has a smaller field of view, making it difficult to include the
image in its camera for the UAV being only at a height of 200 m. For the UAV
being at an altitude of 400 m, the images were, even though still extended, a bit
smaller making it easier to include CT5. Four runs including all the five telescopes
were taken in the last night whereas the remaining six runs only included CT1-4.
Again, all the telescopes were pointing convergently to the UAV, however this time
the frequency of the light source was set to 1000 Hz in order to have more events.
In this campaign, different brightness levels of the light source were tested.

4.4 Calibration of the UAV data

Just like regular data, UAV data first need to be properly calibrated. This UAV
data contains the UAV events needed for the inter-calibration and the cosmic
background events as discussed in more detail in subsection 4.6.1. For the first
campaign, I used the usual H.E.S.S. pedestal calibration described in section 2.3.
For this, I only used the cosmic events as the number of illuminated pixels in the
UAV events were very high. However, in the second campaign, the sky was covered.
This was not a problem for recording the UAV events, as the UAV was well below
the clouds, but reduced the number of recorded cosmic events in a telescope to
about 100 for some of the runs, making a pedestal calibration only based on these
events imprecise. Using the UAV events for the pedestal determination was not
an option either, since the UAV was only moving little in the field of view and
so many pixels were never free from UAV illumination in these events. For this
reason, I used the pedestals obtained from a different run of the same observation
period as pedestals for these runs. Testing this method on the data of the first
campaign to check the impact of using the pedestals of a different run only led
to changes in the computed average relative efficiencies of less than 2 % in each
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telescope and to an increase of its event-by-event standard deviation of less than
25 %. This shows that using the pedestals from a different run does not deteriorate
the final results dramatically.

For the gain calibration, the cross-calibration of the gain channels and the
flat-field calibration, standard calibration (using dedicated runs) was used. So, I
performed these calibration steps with the methods described in section 2.3.

Afterwards, I interpolated the intensity in the non-operational pixels using
the mean intensity of the neighbouring operational pixels. This is necessary as
for the UAV events there is no reconstruction as for cosmic events. Indeed, as
I discuss later on in more detail, the intensity is just summed up to determine
the recorded intensity in a telescope. As the average number of illuminated non-
operational pixels per event can go up to 10 % of the illuminated pixels for some
telescopes in some runs, not recovering the intensity in these pixels might lead to an
underestimation of the intensity and thus to an increase of the uncertainty on the
obtained optical efficiencies. As the pixels of the H.E.S.S. cameras are hexagonal,
this interpolation procedure consists in taking the average over six pixels for non-
operational pixels which are not at the edge of the camera and all neighbouring
pixels operational.

As a last step, I cleaned the images to remove the noise pixels not part of the
UAV image using a dual-threshold procedure as described in subsection 2.4.1. The
used thresholds were 5 and 7.

4.5 Monte-Carlo Simulation

Before the first campaign, I developed a Monte-Carlo simulation of the whole
system to check that (at least in the simulation) everything looks as expected
and our assumptions are fulfilled. One of these assumptions which I checked,
and on which the whole inter-calibration relies, is that the quantity I × d2, even
though expressed as a function of d, does not change when varying d for the
photons of the UAV-mounted light source being uniformly emitted in solid angle,
which can be easily derived from geometrical considerations. Here I is the sum
of all photo-electrons in an event in a given telescope and d the distance of the
UAV to the mirror plane of this telescope (i.e., the plane perpendicular to the
telescope pointing direction containing the centre of the mirror). After the first
and second campaign, I refined the simulation to be better able to reproduce the
actual conditions and setup of the data taking and so to be able to do further
cross-checks. But before coming to this, let me first describe the working principle
of the UAV simulation.
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4.5.1 Working principle of the Monte-Carlo simulation

For the simulation, I use pre-existing H.E.S.S. software as much as possible. The
H.E.S.S. software consists of multiple independent simulation and analysis chains.
In the chain used for this work, the shower simulation for the H.E.S.S. array
is usually done with two main components: First, the shower simulation called
Kaskade which simulates the propagation and interaction of the particles in the
atmosphere is used. Afterwards, the interaction of the Cherenkov photons with the
mirrors and the cameras and the propagation in between these elements as well as
the electronic chain of the array (such as the trigger) is simulated with the detector
simulation called SMASH [104] to produce raw data in a format identical to real
data. As the detector simulation only propagates single photons, I completely re-
use it for simulating the photons of the UAV once they have reached the telescopes
with a few minor corrections for the correct implementation of convergent pointing.
The shower simulation is designed to simulate the interactions of different particle
types in the atmosphere and not to simulate photons emitted at low altitudes. For
this reason, I only re-use small parts of its code (mainly the atmospheric absorption
of photons) for simulating the propagation of the photons in the atmosphere.

I assume the light source mounted on the UAV to be a point source with
isotropic emission even though only the photons which can possibly reach one of
the telescopes are simulated. The position of the UAV, the position to which the
telescopes are pointing, the wavelength of the light emitted by the light source, the
duration of the pulses emitted by the light source, the number of photons to be
generated per event and the number of events to be generated are the main input
parameters of the simulation. Some of these parameters can be changed between
the different generated events.

The first step of the simulation is to correct the number of photons to be
generated for the limited solid angle over which photons are generated and to apply
the quantum efficiency of the photo-multiplier tube of the H.E.S.S. telescopes to
the number of photons to be generated. The correction for the solid angle can
be switched off and the quantum efficiency is already applied at this stage not
to waste computation time by simulating photons which would be anyway lost
at a later stage. This can be done as the quantum efficiency is assumed to be
a quantity which only depends on the wavelength of the photons and not on
their propagation properties. Then, I generate the photons uniformly over the
solid angle within which they can potentially reach the telescope. I attribute an
emission time stamp to each photon assuming the photons to be emitted uniformly
over the time interval defined by the pulse duration.

For the propagation of the photons from the UAV to the telescopes, the stan-
dard H.E.S.S. atmospheric model is used. This model is based on the considera-
tions described in [105] and assumes the atmosphere to be constituted of N layers
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with the altitude zi and density ρi at all the N + 1 layer i boundaries known.
The density ρ(z) as a function of altitude z is then interpolated between the layer
boundaries according to the formula:

ρ(z) =

(
ρi
ρi+1

)− z−z0i
zi+1−zi

, (4.1)

with z0
i = log ρi×zi+1−log ρi+1×zi

log ρi−log ρi+1
. The mostly used model also used in this simulation

consists of 49 layers with yearly average densities for Windhoek as they were de-
termined in balloon flights undertaken in 1999 [104]. I propagate each photon in
a straight line to the altitude of the telescope it can possibly hit and compute its
position and arrival time at this point taking into account the integrated refrac-
tive index obtained from the atmospheric model. I afterwards remove the photon
from the simulation with a probability equal to the computed absorption proba-
bility, which is again obtained from tabulated absorption probabilities at discrete
altitudes and wavelengths and interpolation. Finally, I pass the photon to the
standard detector simulation of H.E.S.S., which simulates the propagation of the
photon from the altitude of the telescope, via the mirror and camera to the pixels
and then its conversion to photo-electrons to get the charge accumulated in each
pixel. At the end, it simulates the trigger, amplification and the digitization of the
signal, using realistic pulse shapes. For simulating the trigger, the whole charge
accumulated in the camera during an event is considered. Then, the camera is
divided, as in the real trigger process, in different partially overlapping sectors and
the event is only kept if the following condition is fulfilled in at least two tele-
scopes: At least three pixels in a sector exceed a charge threshold corresponding
approximately to four photo-electrons [106].

This detector simulation delivers the data in the same format as the actual
observation data, i.e., the charge recorded in each pixel. As for the real data one
would like to get back to a physical quantity and for this reason the simulated data
needs to be calibrated too. For this, I use the same procedure as for the actual
data. This calibration procedure relies on special calibration runs (especially for
the pedestal and gain determination) which need to be simulated as well. For
pedestal determination, I simulate 50 000 events with only night sky background
and for gain calibration, I simulate 50 000 events with the LED usually used for
gain calibration. Finally, I clean the resulting images with the same dual-threshold
algorithm as the actual UAV events as described in section 4.4.

The simulation can be used in two different modes. First of all, it can be used
to generate a given number of events for the UAV being at a given point in space,
which allows to study the general behaviour of the whole setup. Second, it can
be used to simulate all the events of an actual run, including the actual pointing
directions of the telescope, and using for each event the actual reconstructed po-
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Figure 4.3: Simulated events, as seen by HESS-I telescopes (top) and the HESS-II
telescope (bottom), of a calibration pulse emitted by a calibration system on a UAV
holding a stationary position above the centre of the H.E.S.S. array at altitudes of
250 m, 500 m, 750 m and 1000 m (from left to right). The colour scale indicates the
number of photo-electrons recorded in each pixel.

sition of the UAV and the actual non-operational pixels, which allows to study
the behaviour of individual runs after data taking. This second mode follows a
similar concept as the run-wise simulations recently developed within the H.E.S.S.
collaboration and used in the diffuse analysis described in chapter 5. I describe the
main results of the use of the simulation in the first mode in the next subsection.
I describe the results obtained from the second simulation mode after the descrip-
tion of the analysis procedure used for the inter-calibration as the same analysis
procedure is applied to these simulations.

4.5.2 Simulating the general behaviour of the setup

As mentioned before (in section 4.5), I used the simulation to verify that I × d2

is indeed independent of d. To do this, I simulated 500 events at 7 regularly
spaced altitudes between 250 m and 1000 m and 20 regularly spaced horizontal
displacements of the UAV to the centre of the array between 0 m and 950 m, leading
to a total of 140 positions. I ran these simulations without any non-operational
pixels, as their influence on the intensity is expected to depend on their distribution
and can so not be accounted for by introducing a general correction factor, but
have to be handled on a case-by-case basis respectively included in the systematic
uncertainty, and without mispointings as they should be equivalent to a change
of pointing direction of the telescopes. In figure 4.3, sample event displays are



4.5. MONTE-CARLO SIMULATION 85

Figure 4.4: Illustration showing the image of a source at a finite distance on the
H.E.S.S. camera. The light from a point-like source at a finite distance is reflected by
a hexagonal HESS-I telescope mirror which has a hole in the centre in which the CCD
camera used for the pointing corrections and the flat-fielding LED are located (and
which is exaggerated on the figure). This mirror focalizes the light again leading to a
point-like image on the image plane. For a source at infinity, the image plane would
correspond within uncertainties to the focal plane of the camera. For a source at finite
distance, the image plane is displaced with respect to the focal plane leading to an
extended image following the shape of the mirror
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Figure 4.5: I × d2 as a function of d for CT1 for events generated at 7 different
altitudes and 20 different horizontal displacements of the UAV to the array centre
including atmospheric absorption in the simulation.

shown for the UAV holding a stationary position above the centre of the array for
different altitudes for the HESS-I and HESS-II telescope. As expected, the images
get larger the closer the UAV to the telescope. Indeed, as mentioned before the
telescopes are designed to focus at the emission altitude of the Cerenkov radiation,
which is much higher than the altitude which a commercial octocopter could reach,
and so the images are the more de-focused the closer the UAV to the telescopes.
This leads to the image not being completely included in the camera for CT5 for
low distances of the UAV to the telescope and so the amount of light reflected
by the mirrors depending much more on the exact position of the UAV and so
being much more difficult to predict. During actual observation, this is also a
concern for larger distances as it is not possible to position the UAV as exactly as
in simulation. This is one of the reasons why the second campaign was taken with
the UAV at a higher altitude. In addition, it is clearly visible that the shape of
the images follows the shape of the mirror, as expected from geometrical optics as
illustrated in figure 4.4.

Figure 4.5 shows the evolution of I × d2 as a function of d for the different
positions at which the simulation was run for CT1. Unlike expected from consid-
erations based only on the geometrical considerations, I × d2 is slightly decreasing
with d. This is due to atmospheric absorption as more photons are absorbed the
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Figure 4.6: I × d2 as a function of d for CT1 for events generated at 7 different
altitudes and 20 different horizontal displacements of the UAV to the array centre with
atmospheric absorption switched off in the simulation.

higher the integrated atmospheric thickness the photons pass (i.e., the higher the
altitude of the UAV or the larger its horizontal offset to the centre of the array).
To check whether the atmospheric absorption is responsible for the whole decrease,
I repeated the simulations without atmospheric absorption and the resulting plot
is shown in figure 4.6.

The decrease is significantly reduced, however a small decrease of about 1 %
over the whole distance range is left and so almost the whole decrease was due to
atmospheric absorption. The extent of this remaining decrease depends strongly
on the cleaning thresholds and completely disappears when reducing the cam-
era signal thresholds applied during image cleaning, which indicates that a small
fraction of the image (tails) is most likely cleaned away and that this fraction
increases with the distance of the UAV to the telescopes because the images be-
come smaller. Reducing the cleaning thresholds comes however at the expense of
an increased amount of accepted night sky background variations and increased
statistical uncertainties. As this decrease is an order of magnitude smaller than
the decrease due to the atmospheric absorption and is also much smaller than the
point-to-point variations discussed next, I did not change the cleaning thresholds.
As an additional check, I also performed the whole data analysis presented in the
following without cleaning, which only marginally impacted the inter-calibration
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results beside increasing statistical uncertainties.

However, even though there is almost no global variation with d anymore,
there are small point-to-point variations of about 1 % which are bigger than the
statistical uncertainties (which I simply computed by taking 1/

√
500 times the

standard deviation of I × d2 for the 500 events generated at each position). They
are likely due to boundary effects when illuminating a different number of pixels
and boundaries between pixels. This shows that I×d2 is independent of d modulo
this 1 % point-to-point variations neglecting atmospheric absorption.

Including the atmospheric absorption again, the change of I × d2 over the
relevant range of d defined by the maximum distance between two telescopes of
169.2 m (diagonal of the square formed by the four HESS-I telescopes), which is
much bigger than the registered movement of the UAV as discussed later (about
30 m altitude variation, mostly while the UAV was moving in and out of the field
of view), is also about 1 % for the given UAV telescope separation. To get a better
handle on this uncertainty, I performed additional Monte-Carlo simulations, this
time in the second simulation configuration, i.e., simulating the actual data taking
runs with the UAV at its reconstructed position. From these simulations, the
absorption probabilities of photons emitted in direction of the mirror centre of
each individual telescope were computed for each recorded position and averaged.
The average (over all the simulated events of both runs) absorption probabilities for
a photon in direction of the different telescopes were 6.7 %, 7.6 %, 7.5 % and 6.6 %
for CT1-4 respectively. I have applied these absorption probabilities as correction
factors while computing the relative efficiencies as discussed previously. This led
to a change of the relative efficiencies of about 0.5 %.

4.6 Analysis procedure

In this subsection, I describe the analysis procedure I developed for the analysis
of the UAV calibration runs. As I discuss later on in more detail, some of the runs
taken during the two campaigns are unusable due to the too long pulse duration
of the LED-based light source mounted on the UAV. This unfortunately impacts
all runs including CT5. For this reason, in the following I discuss each step of the
analysis procedure first for the CT1-4 telescopes and the necessary adaptations
for runs including CT5 are discussed at the end of the description of each step.
It is worth to note that as the analysis of the runs including CT5 could not be
successfully completed and further adaptions might be necessary which cannot be
foreseen at this stage of the analysis and so are not discussed in this section.
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Figure 4.7: Event display examples for the different types of measured events. Left:
Cosmic event; Middle: Muon Ring; Right: UAV Event. The colour scale indicates the
number of produced photo-electrons.

4.6.1 Event selection

As illustrated in figure 4.7, there are three types of events in the datastream:

• Cosmic events, i.e., events from high energy photons, electrons or hadrons
entering the atmosphere, which are characterized by an elongated elliptical
or irregular shape. During UAV observation runs, the telescopes point con-
vergently to the nominal UAV position at about 200 m to 400 m altitude in
order to record the UAV light simultaneously in all telescopes whereas dur-
ing normal observation runs the telescopes point parallel in direction of the
observed source (as the distance to the source is much larger than any array
related scale). As the bulk of the Cherenkov emission in the H.E.S.S. sensi-
tive energy range is emitted at about 8 km above the H.E.S.S. array [125],
the convergent pointing at much lower altitude makes it very unlikely that
an atmospheric shower is in the field of view of three or four HESS-I tele-
scopes and for this reason cosmic events are recorded by one or two HESS-I
telescopes.

• Muon rings, i.e., Cherenkov rings produced by atmospheric muons (also orig-
inating from cosmic events) crossing the telescope characterized by their ring
shape. They are recorded by one telescope.

• UAV events are characterized by their shape following the shape of the mirror
(as described in section 4.5) and by them being recorded by all telescopes
except if telescopes are not available due to dead-time.

From this list, one can see that UAV events tend to be recorded in a larger number
of telescopes. In addition, for the first campaign the UAV was set up such that
they have a higher image amplitude. However, before doing any event selection, I
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needed to take into account that UAV events can be cut by the edge of the camera
leading to only part of the intensity being recorded. For this reason, I applied a
cut of 0.034 rad (≈2◦) on the nominal distance (i.e., the angular distance between
the centre of the camera and the image centre of gravity). I chose this cut based on
a visual inspection of the evolution of the event displays as a function of nominal
distance. For the two reasons mentioned earlier, I preliminary selected the events
having been recorded in at least three telescopes and having a minimum image
amplitude compliant with UAV events.

In the first campaign, the last run was taken with a very high amplitude and two
runs with slightly lower amplitude. For the run with higher image amplitude, I set
the minimum image amplitude to 20 000 photo-electrons. With this selection, UAV
events are very well separated from background events as only 0.5 % of the events
being UAV-like according to one of both cut variables are not UAV-like according
to the other cut variable even though both cut variables are not expected to be
strongly correlated within categories. This is illustrated again on the left of figure
4.8 with the distributions of the image amplitudes for events which are recorded in
one or two telescopes and for events which are recorded in three or four telescopes.
It shows that both distributions are very separated in the high image amplitude
case as the distributions have very little overlap.

For the two runs of the first campaign with lower image amplitude, I could
only set the minimum image amplitude to 2870 photo-electrons in order not to
cut the distribution of the events recorded in three or four telescopes as can be
seen on the right of figure 4.8. In these runs, 7.5 % and 13.5 % of the events being
UAV-like according to one cut variable are not UAV-like according to the other
one, considering only events which were recorded in at least two telescopes, as
illustrated on the right of figure 4.8. This is due to the lower image amplitude
threshold and the much higher background event rate. This indicates that the
events selected as UAV events could be contaminated with cosmic events for the
runs with lower image amplitude.

However, already from the data collected in the first campaign, it is possible
to put much better constraints on the contamination fraction of events selected
as UAV events. In total, six runs have been taken under very similar conditions
(similar pointing directions, weather conditions, ...) in the first UAV campaign. I
considered three of these runs as successful as there were UAV events completely
included in the camera of all four telescopes. For one of the other runs the UAV
was not entering the field of view of the telescopes at all and for a second one
the image was so far on the edge of the field of view that it was never completely
included in the cameras. For the third of these other runs, the image was also never
completely included in the cameras and additionally one telescope was not working,
which is why this run is not be considered in the following. In the five remaining
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Figure 4.8: Normalized distribution of the image amplitudes in a given telescope for
events recorded in one or two telescopes (black) and for events recorded in three or
four telescopes (red) on logarithmic scale. Top: Run with higher image amplitude (Cut
set at 20 000 photo-electrons – blue dashed line); Bottom: One of the runs with lower
image amplitude (Cut set at 2870 photo-electrons– blue dashed line).



92 CHAPTER 4. UAV CALIBRATION

runs, there were in total about 480 000 events classified as cosmic events (fulfilling
none of the two criteria which are used to select UAV events) in all telescopes in
which they were recorded. There were, however, no events recorded in three or
four telescopes (and not being rejected based on the nominal distance cut which
rejects the cut UAV events) not satisfying the image amplitude cut valid for the
considered run (20 000 photo-electrons for the run with the high image amplitude,
2870 photo-electrons for the two runs with lower image amplitude, no cut for the
other two runs) which were not obviously caused by the UAV2. This shows that
events having an image amplitude consistent with the image amplitude expected
for UAV events in the considered run are the only events recorded in three or four
telescopes which allows to put an upper limit on the contamination of the selected
UAV events as discussed in the following. Using this, that there are 403 187 events
clearly identified as cosmic events in the four runs beside the run with high image
amplitude and that there are 85 207 events recorded in one or two telescopes in the
run with the high image amplitude and assuming that the probability p for a cosmic
event to be recorded in three or four telescopes follows a binomial distribution,
there are no cosmic events recorded in three or four telescopes with a confidence
of 99.1 % in the high image amplitude run. The values used in this calculation
as well as the one that will be used in the calculation for the two other runs
are summarized in table 4.2. Similarly, making use of the previous statement,
that there are 242 324 events clearly identified as cosmic events in the three runs
beside the two low image amplitude runs and that there are 148 367 and 97 976
events recorded in one or two telescopes in one and the other run with low image
amplitude respectively and assuming that the probability p for a cosmic event to
be recorded in three or four telescopes follows a binomial distribution, there are
no cosmic events recorded in three or four telescopes with a confidence of 80.4 %
and 91.5 % in both of these runs.

Given these very high confidence levels that there were no events recorded in
three or four telescopes not due to the UAV, using the number of telescopes in
which an event has been recorded as unique selection variable is still expected
to achieve an almost perfect selection of UAV events. So, it is not necessary
to use additional selections such as a high image amplitude to render UAV events
distinguishable from cosmic events, but one could just use any light source intensity
as long as the intensity hitting the pixels stays in the sensitive range of the H.E.S.S.

2There were in total four events recorded in three or four telescopes not fulfilling the image
amplitude cut and not being rejected due to too high nominal distance: Two of them were
recorded in three telescopes and have an image amplitude of less than 200 photo-electrons, but
the typical hexagonal UAV shape (which is very different from the shape of cosmic events) in all
three telescopes. For the other two, which were recorded in four telescopes, the UAV was at the
edge of the field of view, but the event was not correctly rejected in one telescope based on the
nominal distance cut due to noise in the camera creating additional illuminated pixels.
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High Image Low Image Low Image
Amplitude Amplitude Amplitude

run Run A Run B
Events clearly identified as
cosmic events in runs with 403 187 242 324 242 324

different image amplitude cut
Events recorded in 1 or 2 telescopes 85 207 148 367 97 976

Confidence level that there 99.1 % 80.4 % 91.5 %
are no cosmic events in the run

Table 4.2: Table indicating the confidence level that there are no cosmic events pol-
luting the UAV events for the different runs and the values used in their computation.
The second column indicates the high image amplitude run and the two last columns
the low image amplitude runs named with A and B as they will be later on when
discussing the results. These upper limits were obtained assuming the probability for a
cosmic event to be recorded in three or four telesccopes follows a binomial distribution
with the two possible outcomes: Either the event is recorded in one or two telescopes
or the event is recorded in three or four telescopes.

telescopes. For this reason, lower intensities were used in the second campaign to
produce events which are more similar to cosmic events and I based the final
event selection only on the number of telescopes in which an event was recorded
(for consistency between the two campaigns, but this leads anyway to the same
selection of UAV events in the first campaign): I classified an event recorded in
three or four telescopes passing the nominal distance cut as UAV event and an
event recorded in one or two telescopes as cosmic event.

The fact that there are no cosmic events recorded in three or four telescopes
is very different from usual observation runs. This is of course due to the four
H.E.S.S. telescopes pointing convergently to the approximate location of the UAV
at very low elevation (instead of pointing almost parallel as in usual observation
runs): this leads the four telescopes to point to very different positions at the pro-
duction altitude of the atmospheric showers and their Cherenkov radiation making
it very unlikely for a cosmic event to be recorded by more than two telescopes.
Indeed, the angle of the pointing direction between CT1 and 2, and CT3 and 4 was
about 2◦ or 3◦ in the first campaign (where the UAV reached an altitude of about
200 m) and second campaign (where the UAV reached an altitude of about 400 m)
respectively, whereas the angles of the pointing directions between the other tele-
scopes were between 8◦ and 9◦ in the first campaign and 7◦ and 9◦ in the second
campaign. For this reason, cosmic events are generally recorded in CT1 and CT2
or CT3 and CT4.
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Figure 4.9: Normalized distribution of other possible selection variables in a given
telescope for events recorded in one or two telescopes (black) and for events recorded
in three or four telescopes (red) on logarithmic scale. Top: Hillas length; Centre: Hillas
width; Bottom: Hillas width divided by the Hillas length.



4.6. ANALYSIS PROCEDURE 95

I also looked at other possible discrimination variables in order to find the
best suited one. They were based on the Hillas parameters which were described
in subsection 2.4.2. Figure 4.9 shows the distribution of the Hillas length, the
Hillas width and the Hillas width divided by the Hillas length for events which
are recorded in one or two telescopes and for events which are recorded in three or
four telescopes, using one of the low image amplitude runs of the first campaign.
The distributions look very similar for all the runs except that the ratio between
cosmic and UAV events is different. Even though all three variables tend to take
lower values for events recorded in one or two telescopes, the distributions are
still overlapping and so not so well suited for the discrimination as the number of
telescopes in which an event is recorded.

Considering now the runs which were taken with five telescopes, we have to
adapt the procedure to the different characteristics of CT5 and number of tele-
scopes. As CT5 has a smaller field of view, the first thing which needs to be done
is to reduce the cut on nominal distance for this telescope for UAV events to be
completely included in the camera. I set it to 0.0075 rad (≈0.43◦). Then, the main
question is how to handle events which are recorded in two HESS-I telescopes and
CT53. Looking at some the event displays of these events, all of them seem to be
cosmic events and so I decided for the runs including all five telescopes to select
events recorded in four and five telescopes and fulfilling the respective nominal
distance cut in all telescopes as UAV events.

4.6.2 Determination of the UAV position

The UAV was moving in the field of view during the runs due to drift in satellite
navigation and atmospheric turbulence. This makes it necessary to have a precise
tracking system for the UAV to get its position and so its distance to the different
telescopes which is a crucial value for the inter-calibration to work as discussed in
section 4.5. I performed this position determination with a simple triangulation
using the images of the light source on the camera (the event displays): The
centre of gravity corresponds to a direction (line of sight) in the field of view
(with respect to the known pointing direction) of the considered telescope. This
leads to a direction for the UAV for each telescope recording the event (situation
illustrated in figure 4.10). If these directions were perfectly determined, there
would be one intersection point at the position of the UAV combining the directions
of all telescopes participating in the event. As they are not, among other due
to statistical variations in the image, I used the analytically determined point
corresponding to the minimum sum of squared distances to the lines of sight.

3As events recored in four or five telescopes are also recorded in at least three HESS-I tele-
scopes and so considered UAV events and events recorded in one or two telescopes could be



96 CHAPTER 4. UAV CALIBRATION

x-position [m] (Direction North)
600− 500− 400− 300− 200− 100− 0 100

y-
p

o
si

ti
o

n
 [

m
] 

(D
ir

ec
ti

o
n

 W
es

t)

600−

500−

400−

300−

200−

100−

0

100
Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Horizontal position [m]
100− 0 100 200 300 400 500 600 700 800 900

A
lt

it
u

d
e 

[m
]

100−

50−

0

50

100

150

200

250
Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Positions of telescopes

Direction of UAV from telescope

Reconstructed position of UAV

Pointing position of telescopes

Figure 4.10: Projection on the ground plane (bird-eye perspective) (top) and the
vertical plane defined by the UAV and the centre of the array (ground-observer per-
spective) (bottom) of the situation to illustrate the position determination of the UAV.
The crosses indicate the position of the telescopes, the lines the direction in which the
UAV has to be with respect to each telescope and the star the point closest to an
intersection of the lines i.e., the reconstructed UAV position. The diamond indicates
the pointing position of the telescopes.
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Figure 4.11: Distribution of offset in reconstructed UAV position from linearly inter-
polated 5-second bin average reconstructed position for one of the runs of the first
campaign with a frequency of 1 Hz. As only bins with 5 UAV events and whose neigh-
bouring bins have 5 UAV events were used, these distributions contain only 240 events
of the about 400 UAV events recorded in at least three telescopes in this run. Top
left: In vertical direction perpendicular to the pointing direction of the telescopes. Top
right: In horizontal direction perpendicular to the pointing direction of the telescopes.
Bottom: In pointing direction of telescopes. Note the different scale on the position
axis for the bottom plot compared to the two top plots.
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Figure 4.12: Movement in altitude of the UAV as determined with triangulation in the
1 Hz frequency run of the first campaign in which the UAV was moving a lot. One
can see that the movement of the UAV, which was moving out of the field of view
due to loss of altitude and moving in again three times, is tracked very well. The left
plot shows the movement on an event-by-event basis whereas the right plot shows a
binned version of this plot with hundred time-bins of 5 s. The uncertainty bars on this
plot indicate the standard deviation of the altitude in each bin.
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I determined the statistical uncertainty on these reconstructed positions by di-
viding the total duration during which the UAV was in the field of view (400 s to
500 s) in bins of 5 s. I then assumed that the position stayed relatively stable within
these time bins and can be approximated by a linear movement. I computed the
average of each position coordinate for each bin. I did this first for the two runs of
the first campaign with a frequency of 1 Hz and I only considered the bins contain-
ing the expected five UAV events for its determination. I then linearly interpolated
the position coordinates between the time bin centres to get an expected UAV po-
sition at each time (considering only the time bins which have two neighbours with
five events). Afterwards, I computed the offset of the measured UAV position from
the expected "5-second average" position and obtained a handle on the statistical
position uncertainty. I assumed here that there is no significant acceleration dur-
ing these 5 s, which is not completely true, and so the statistical uncertainties I
derived here are rather to be viewed as upper limit on the statistical uncertainty.
The distribution of the offset of the reconstructed position from the interpolated
bin average reconstructed position is shown on an event-by-event basis in Figure
4.11 for one of the two runs. The distributions on this figure can be approximated
with a Gaussian distribution, and the standard deviation of this Gaussian corre-
sponds to the 1-sigma statistical uncertainty of the given position coordinate. This
leads to a statistical uncertainty on the determined position in pointing direction
of the telescopes of about 45 cm and in directions perpendicular to the pointing
direction of about 5 cm (per axis) being equivalent to an angular uncertainty of
12.3′′. This angular uncertainty is similar in size to the spread in the residuals on
the centre of gravity on the position determination which is discussed in detail in
section 4.11. The much lower uncertainty perpendicular to pointing is expected as
the telescopes are pointing almost in the same direction and so the lines of sight
are nearly parallel along the pointing direction (see figure 4.10 for illustration).
For the second run with a frequency of 1 Hz, the UAV left and re-entered the field
of view three times during data taking (due to battery performance) leading to
quick movements and accelerations, even on scales as small as 5 s. This is illus-
trated in figure 4.12, where the determined evolution of the altitude for this run
is shown. On the left plot, one sees the unbinned representation, whereas on the
right plot, the binned representation used to determine the statistical uncertainty
of the method is displayed. As can be seen, a more or less stable UAV position was
only reached before the first exit of the UAV out of the field of view. Repeating
the same procedure as before on this small time interval, uncertainties of 5 cm and
40 cm respectively were found based on 35 events, and so with a much lower statis-
tics than the previous 240 events. Given these lower statistics, this uncertainty is
in good agreement with the previously found 5 cm and 45 cm. For the other runs,

recorded in HESS-I telescopes and so considered to be cosmic events.
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Figure 4.13: Distribution of the differences of the determined position coordinates
with the field of view method and the GPS on an event-by-event basis for two runs
of the first campaign (in black and red). Left: In average pointing direction of the
telescopes (As the altitude of the H.E.S.S. telescope array is not known with precision,
any possible offset of the altitude is not included in this plot. The altitude of the
H.E.S.S. array was set such that it is consistent with the average altitude found with
the FOV method.); Right: In direction perpendicular to average pointing direction in
horizontal plane.

which turned out to be unusable anyway as shortly discussed in the introduction
to this subsection, this procedure has not been carried out in such detail especially
since an adaption of the time intervals and the number of events would have been
necessary given that they have a much higher frequency. However, simply looking
at the binned position evolution using again 5 s bins leads to standard deviations
of the reconstructed position coordinates inside the bins which agree well with the
previously quoted uncertainties (except for time intervals with strong movements).

I compared the results of this field of view method to a completely independent
method, with no common systematic uncertainties. To do this, I compared the
positions obtained with the field of view method to the ones obtained with the
on-board GPS of the UAV, whose primary use was to allow the UAV to follow a
predefined track. Figure 4.13 shows the difference between the positions obtained
with the field of view method and the positions obtained with the GPS method
on an event-by-event-basis for two runs of the first campaign. The maximum dif-
ference is 8 m or less in each coordinate. This difference is composed of a constant
shift and a component varying with the reconstructed d. Perpendicular to point-
ing direction, the shift is 7 m to 8 m and the spread is very low (about 7 cm).
In pointing direction, the mean is also shifted by about 3.5 m, but moreover the
spread is now much higher reaching up to 1.1 m. This higher spread in pointing
direction is due to systematics in the field of view method, because the pointing
direction is not a preferred direction for the GPS. Concerning the absolute shift
the picture is not so clear. It could come from systematics in the GPS method
(which are expected to be up to 10 m), inaccurate knowledge of the position of the
centre of the H.E.S.S. array or systematics in the field of view method. So, it is
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not possible to constrain the systematic uncertainty of the field of view method
below that of the GPS method in this comparison. Nevertheless, it shows that it is
at maximum of the order of magnitude of 8 m, but could be as low as 1.1 m along
the pointing direction and 5 cm perpendicular to pointing. These uncertainties (as
well as the statistical ones) hold for this particular geometry (modulo the absence
of any absolute altitude comparison) and might be different for other geometries,
even though the used geometry has no particularity from which particular low or
high uncertainties would be expected.

Including CT5 in the position determination, one needs to account for CT5
not being in convergent mode. Anyhow, convergent mode would lead to almost
the same pointing direction as parallel mode because CT5 is at the centre of the
array, and so the implementation of a convergent pointing mode for CT5 was not
necessary. However, due to the height of the structure of CT5 convergent and
parallel mode would lead to slightly different pointing directions and due to this,
one needs to use the correct pointing directions of each telescope.

4.6.3 Inter-calibration of the telescopes

To inter-calibrate the telescopes, first I selected the events classified as UAV events
in all telescopes, and for each event I computed I×d2×C, where C is a correction
factor close to 1 accounting for atmospheric absorption and higher order geometric
effects (whose numerical expression will be given in equation 4.2). As shown
in section 4.5, I × d2 is the same for all telescopes, modulo small percentage
or lower level variations due to atmospheric absorption, point-to-point variations
and higher order geometric effects for the relevant distance scales in this UAV
calibration. I have incorporated the atmospheric absorption and the next order
geometric effect accounting for UAV movements perpendicular to the mirror axis
and the finite mirror size in the correction factor. This was not possible for point-
to-point variations which occur on a much smaller scale below the precision of the
position reconstruction. The correction factor C can be written as:

C =
1

1− P
× 1

1 + 2
d2⊥+d⊥×r−1/6×r2

d2

, (4.2)

where the first factor is for the atmospheric absorption correction and the second
factor the next order geometric correction. Here P indicates the average absorp-
tion probability of a photon in direction of the considered telescope, which was
obtained from Monte-Carlo simulations as described in section 4.5, r the effective
telescope radius and d⊥ the distance of the telescope mirror centre to the UAV in
the direction perpendicular to d as illustrated on figure 4.14. As such, for each
UAV-calibration event, the specific relative efficiencies εi of the different telescopes
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Figure 4.14: Neglecting atmospheric absorption, one can assume that a point light
source creates a spherical wave which propagates isotropically in space with its intensity
I ∝ 1/d2, where d is the distance to the source. When using a finite-size mirror to
detect this wave, one needs to take into account that the distance from the light
source depends on the position on the mirror. For the light source perfectly in focus,
the distance to the light source increases with distance to the centre of the mirror.
Otherwise, one needs in addition to take into account the perpendicular shift of the
mirror compared to the light source. This figure illustrates the quantities involved in
this correction. This leads to the intensity of the light hitting the mirror being of the
form I ∝ 1/d2 + c(d, d⊥, r)/d

4 + h.o., with the quantities defined as in the text and
h.o. indicating higher order terms. In the correction factor C terms up to order 4 where
considered (i.e., up to 1/d4) and the HESS-I mirrors were assumed to be circular. No
higher order terms or more complex mirror shape were considered as the correction
obtained with the order 4 term is already negligible compared to the point-to-point
variations. The factor C contains in addition a correction for atmospheric absorption.
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i can be defined as:
εi =

(I × d2 × C)i
〈(I × d2 × C)j〉

, (4.3)

with 〈(I × d2 × C)j〉 the average of I×d2×C over all telescopes for the considered
event. Then, I computed the run-wise relative efficiencies of each telescope by
averaging over the events.

For the runs with CT5, I needed in addition to consider the difference in de-
tector size of the different telescopes and the consecutive difference in solid angle
covered and amount of reflected light. To do this, I divided I × d2 by the total
mirror area (i.e., the area covered by the individual mirror facets) of the considered
telescope before putting it into the formula.

4.7 UAV data and pointing corrections

As described in section 2.3.6, the pointing of gamma-ray telescopes needs to be
regularly determined as it evolves with time. This is usually done in regular
pointing runs in which so-called pointing corrections to the nominal pointing are
derived, leading to a pointing model which describes the pointing of the H.E.S.S.
telescopes over a period of time.

However, information about deviations from the nominal pointing can also
be gained from the UAV calibration data. Indeed, as discussed in section 4.6.2,
I determine the most likely UAV position by a least square method from which
residuals on the image centre of gravity can be derived. These residuals are, among
other, due to deviations of the actual pointing from the pointing obtained from
the used pointing model and therefore can be used to estimate these deviations
and possibly improve the pointing corrections if the shift of the residuals due to
mispointings can be disentangled from the shift due to other physical phenomena.

In the following study, I compare three different pointing models with the
data taken in the first campaign: The so-called Null Model in which no pointing
corrections are applied at all and two models obtained with the H.E.S.S. standard
procedure to build pointing correction models, one constructed from data taken
in November and December 2016 (the last one available at the moment of data
taking) and one from data taken in May and June 2018, covering the period where
the UAV runs were carried out, except for CT4 where no data from this period is
available due to a hardware failure (therefore the last available pointing model from
December 2017 and January 2018 was used for CT4). This last pointing model
is the pointing model used throughout the rest of this study when not mentioned
otherwise, as it is the pointing model fitting to the period of data taking.

To get an estimation for the order of magnitude of the shift of the residuals on
the centre of gravity not due to mispointings and their variation between events, I
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Figure 4.15: Normalized distribution of the relative efficiencies on an event-by-event ba-
sis for the different four-telescope runs and telescopes (without atmospheric absorption
correction). The three runs of the first campaign are in black, blue and red respec-
tively and the six four-telescope runs of the second campaign in the other colours. The
distributions are normalized by the number of events due to the very different number
of events in the different runs. Top left: CT1; Top right: CT2; Bottom left: CT3;
Bottom right: CT4

use the simulation described in section 4.5, this time in the second mode in which
actual runs are simulated. I run this simulation once with (using the actual broken
pixels in the run on an event-by-event basis) and once without broken pixels, as
broken pixels are expected to play a big role in shifting the centre of gravity too.
This allows me to give an estimation of how much one could improve the pointing
corrections by being better able to recover the intensities of the broken pixels.
Large residuals in the data compared to Monte Carlo simulation is an indication
of an imperfect pointing model. One improvement possibility consists in shifting
the centre of gravity by its average offset and including this correction in the
pointing model.

4.8 Pulse duration problem

As discussed in section 4.3 and summarized in table 4.1, three UAV runs with
CT1-4 were taken in the first campaign and ten UAV runs in the second cam-
paign, six with CT1-4 and four with CT1-5. The normalized distributions of the
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Figure 4.16: Evolution of the relative efficiency of one of the HESS-I telescopes as a
function of the angular offset from the centre of the camera (nominal distance) in a
binned representation with a bin width of 6.25 mrad. One of the runs with a broader
normalized relative efficiency distribution is shown on the left (the one shown in black
in figure 4.15) and one with a narrower distribution on the right (the one shown in red
in figure 4.15). Uncertainty bars indicate the standard deviation of the efficiency in
each off-axis bin.

relative efficiencies, as obtained with the UAV calibration method, on an event-
by-event basis are shown in figure 4.15 for the four different telescopes and the
nine runs including CT1-4 in both campaigns. These plots come from an early im-
plementation of the inter-calibration method and do not include the atmospheric
absorption correction. This however does not change anything in the problematic
behaviour of some runs discussed next. As can immediately be seen in the plots,
the red and blue distributions, which are both for runs taken in the first campaign,
differ significantly from the other distributions. Indeed, the distributions of these
two runs are much narrower. A closer look shows that the relative efficiency varies
with the position of the images in the camera (as the UAV moves within the field
of view) for the runs with a broader distribution of normalized relative efficiencies.
This is illustrated on the left of figure 4.16 which shows the evolution of the relative
efficiency with angular offset from the centre of the camera (nominal distance) for
one of the runs having a broader distribution in one of the telescopes. The right
plot of the same figure shows the same evolution for one of the runs with a nar-
rower relative efficiency distribution, and the variation of relative efficiency with
angular offset is much weaker in this case. These two plots showing the evolution
of the relative efficiency with angular offset for one particular run and telescope
in each category are representative for the behaviour in all the telescopes and all
the runs of the same category. This seems to indicate that there are two different
categories of runs whose relative efficiencies behave completely different.

I noticed this difference already after the first campaign, because one of the
runs from the first campaign had a broader relative efficiency distribution than
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the two others. The main differences between the two categories known at the
time were, as indicated in table 4.1, that the run with broader distribution was
taken with an 8 times higher image amplitude which was thought to be due to a
higher intensity of the light source at that time and a pulsation frequency of the
light source which was 60 Hz instead of 1 Hz as for the other two runs. As the
frequency of the light source was still much lower than the rate with which cosmic
events are recorded in usual observation runs at lower zenith angles (about 400 Hz
at zenith considering runs without CT5 after the camera change in CT1-4) and the
rate of produced photo-electrons by the light source in the different illuminated
pixels (0.6 MHz) was much lower than the average rate of produced photo-electrons
by night sky background (100 MHz [101]) and as no frequency dependence of the
behaviour of H.E.S.S. can be seen in normal observation runs, it was concluded
that the frequency difference is not the reason for the difference between the runs.
The high image amplitudes, however, led to total intensities over all pixels in the
camera which were much higher in UAV events than in usual cosmic events. This
leads the recorded signal inside the pixels to be out of the design specifications
of H.E.S.S. and in an untested regime, which means that it is not possible to
predict how the camera system will react to the signal. There might be elements
saturating, additional delay during triggering and recording the signal, instabilities
due to accumulation of charge or other unspotted effects, which we thought after
the first campaign to be the most likely reason for the dependence of the relative
efficiencies on the position of the image in the camera.

For this reason, in the second campaign the runs were taken with different
and lower light source intensities than in the first campaign to be able to quantify
a potential intensity dependence in the obtained relative efficiency distributions.
However, as can be seen in figure 4.15, all the runs of the second campaign behave
as the high image amplitude run of the first campaign, meaning that the image
amplitude was not the reason for the different behaviour of this run. A deeper
investigation in the difference in behaviour led to the realization that the duration
of the pulses emitted by the light source was about 4 ns for the runs with a narrower
normalized relative efficiency distribution and about 64 ns for the other runs. Such
a long pulse duration is a problem, since the digitization window of the HESS-I
telescopes is only 16 ns [106] leading to a truncation of longer signals. The lost part
of the signal cannot be recovered, as it depends on the exact trigger time which
is subject to statistical variations (as the photon emission by the light source is a
statistical effect and so the signal is slightly different between the different events)
and potentially also to small systematic differences between the individual cameras.
So, only recording part of the signal leads to this broader distribution due to higher
statistical variations between the events and potentially to a systematic offset.

I checked that this longer pulse duration could indeed lead to such a broadening
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Muon
Run A Run B (Observation

period average)
Tele- Relative Statistical Relative Statistical Relative Statistical
scope Efficiency uncertainty Efficiency uncertainty Efficiency uncertainty
1 0.930 0.001 0.970 0.001 0.97 0.0002
2 1.044 0.001 1.054 0.001 0.99 0.0002
3 1.095 0.002 1.072 0.001 1.06 0.0002
4 0.931 0.001 0.903 0.001 0.99 0.0002

Table 4.3: Run-averaged relative efficiencies for each telescope in the two successful
runs and their statistical uncertainties (standard uncertainty on the mean). The muon
relative efficiency averaged over the observation period is given for comparison. In run
A, 343 four-telescope UAV events were recorded and in run B 350.

of the relative efficiency distribution with the help of the Monte-Carlo simulation,
by running it once with a pulse duration of 4 ns and once with a pulse duration
of 64 ns with the same total integrated intensity. The simulation with 64 ns pulses
led to relative efficiency distributions which were broader by a factor of 4, showing
that too long pulse duration is the main reason for broader relative efficiency
distribution.

This broader and potentially shifted relative efficiency distributions for the runs
with 64 ns pulses would lead to higher statistical and systematic uncertainties as
obtained from the 4 ns runs and for this reason their data was qualified as unusable
for the remainder of this analysis. As one run of the first campaign and all the
runs of the second campaign (the four-telescope as well as the five-telescope runs)
were taken with pulse lengths of 64 ns, this only leaves us with two successful runs
from the first campaign taken with CT1-4, which are called run A and run B from
now on.

4.9 Results on remaining successful runs

The relative efficiencies obtained for each telescope in the two different remaining
UAV calibration runs, considering only events which were UAV-like in all four
telescopes and statistical uncertainties are shown in table 4.3 (here again with the
correction for the atmospheric absorption). Additionally, the deviation between
the relative efficiencies obtained from the two runs is shown in the table 4.4. I
computed it by taking the sample standard deviation from 0 of the differences of
the obtained relative efficiencies of the runs, with the sample standard deviation
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Run A Run B Muon
with respect to default calibration 8.3 7.8 4.0

with respect to run A / 3.1 5.5
with respect to run B 3.1 / 6.3

with respect to Muon calibration 5.5 6.3 /

Table 4.4: Deviations between different relative calibrations in [%] obtained for the
different runs, the default inter-calibration (i.e., no correction for different efficiencies of
the telescopes at all) and the previously used (period-averaged) muon inter-calibration.

defined as:

s =

√√√√ 1

N − 1

N∑
i=1

(xi − x̄)2. (4.4)

Here, N is the number of used telescopes, i.e., 4, xi is the difference between the
relative efficiencies for telescope i and x̄ the mean of the xi’s which is 0 by definition
(as the relative efficiencies always sum up to 4).

Computing this, I find that the relative efficiencies for the two successful runs
deviate by 3.1 %. This shows that the UAV inter-calibration leads to very repro-
ducible relative efficiencies for runs taken under the same observation conditions,
even if taken in different nights, at least for these two runs.

I computed the expected statistical uncertainty on the relative efficiencies by
dividing the standard deviation on the relative efficiency by the square root of the
number of events minus 1. The obtained values are between 0.001 and 0.002 as can
be seen in table 4.3. This means that the obtained efficiencies are not completely
consistent between the two runs. This is illustrated again in figure 4.17 where the
normalized distributions of the relative efficiencies on an event-by-event basis are
shown for the different runs and telescopes.

Looking deeper into this, I found that the relative efficiency varies slightly with
the position of the image of the UAV in the camera. This is illustrated in figure
4.18 which shows the evolution of the relative efficiencies of the four telescopes
with nominal distance for run B (and so shows the right plot of figure 4.16). The
plot shows a clear variation of the relative efficiencies with nominal distance above
the statistical uncertainties, indicating a systematic dependence. Unfortunately,
it is not possible to show the evolution of the relative efficiency with the nominal
distance for run A as the position of the UAV was much more stable in this run
and so the nominal distance was almost constant.

Nevertheless, there seems to be a small but clear dependence of efficiencies on
the position of the image in the camera as can be seen in run B or by the difference
between run A and B. There are many possible explanations for this:
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Figure 4.17: Normalized distribution of the relative efficiencies on an event-by-event
basis as determined with the UAV for run A (blue) with 343 four-telescope UAV events
and run B (red) with 350 four-telescope UAV events for the 4 telescopes. In addition,
the distribution of the relative muon efficiencies over the whole observation period on
a run-by-run basis is shown in dashed black. It has been rescaled to the height of the
other distributions for easy comparison. Top left: CT1; Top right: CT2; Bottom left:
CT3; Bottom right: CT4



4.9. RESULTS ON REMAINING SUCCESSFUL RUNS 109

Nominal Distance [rad]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

R
el

at
iv

e 
ef

fi
ci

en
cy

0.85

0.9

0.95

1

1.05

1.1

1.15

Nominal Distance [rad]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

R
el

at
iv

e 
ef

fi
ci

en
cy

0.85

0.9

0.95

1

1.05

1.1

1.15

Nominal Distance [rad]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

R
el

at
iv

e 
ef

fi
ci

en
cy

0.85

0.9

0.95

1

1.05

1.1

1.15

Nominal Distance [rad]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

R
el

at
iv

e 
ef

fi
ci

en
cy

0.85

0.9

0.95

1

1.05

1.1

1.15

Figure 4.18: Evolution of the relative efficiency with the nominal distance for each
telescope for run B with a bin width of 6.25 mrad. Uncertainty bars indicate the
standard deviation of the relative efficiency in each bin. Top left: CT1; Top right:
CT2; Bottom left: CT3; Bottom right: CT4

• First of all, there are the broken pixels which lead to missing intensity in
the image. Even though they are interpolated, it is not possible to exactly
recover the amount of light which hit them. This leads to a change of the
total reconstructed intensity which is highly dependent on the exact position
of the image in the camera.

• Second, systematic uncertainties in the position determination lead to sys-
tematic uncertainties on the distance d and so to an inaccurate correction of
the expected intensity for the difference in distance of the UAV to the dif-
ferent telescopes. The effect of these systematic uncertainties could depend
on the position of the UAV and so alter the computed relative efficiencies
depending on the position of the UAV.

• Third, the point-to-point variations found in the simulation which have been
neglected play a role at percent level.

• Fourth, the uncertainty in the atmospheric absorption model and possible
differences in the atmospheric conditions between the two runs might play a
role.

• And last but not least, the uncertainties in the flat-fielding, the difference
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between the wavelengths of the flat fielding LEDs (370 nm) and of the UAV-
mounted light source (400 nm) and a possibly inhomogeneous mirror response
would also introduce a dependence on the camera position of the image on
the found relative efficiencies.

So, there are many potential reasons which could explain or contribute to this small
change of the computed relative efficiencies with the position of the image of the
UAV in the camera, and other small effects not considered here could contribute
too. To disentangle the contribution of each of these phenomena a more systematic
study in a future UAV campaign will be necessary. Such a campaign is under
preparation, as is discussed in section 4.13.

4.10 Comparison with muon optical efficiency cal-
ibration

The first UAV calibration campaign led to very reproducible results in the two
runs taken successfully, however to exclude any potential hidden systematic un-
certainties a comparison with an independent, reliable method would be helpful.
The method of choice here is the muon optical efficiency calibration described in
2.3.5 as it is the standard method used for optical efficiency calibration by all three
major Imaging Atmospheric Cherenkov Telescopes currently in operation and has
been extensively studied.

However, as discussed in section 3.4, it turned out that the muon optical effi-
ciencies computed from UAV calibration runs are too low compared to that from
other runs. As the efficiency which has proven its reliability within H.E.S.S. is the
observation period averaged muon efficiency and not the one from individual UAV
calibration runs, it is this one which is used for this comparison. The averaging
also allows to remove the run-by-run variation of the muon optical efficiency.

This calibration method based on atmospheric muons relies on on completely
different processes than the UAV calibration method, and is therefore not expected
to have any common systematic uncertainties, beside atmospheric absorption and
the uncertainties intrinsic to any calibration procedure using a light source outside
of the telescopes. The main common uncertainties are the telescope operational
uncertainties present in all telescope observations, namely mostly the uncertainties
on pedestal and flat fielding. One could expect an additional uncertainty from the
gains. However, any such uncertainty should lead to an over- or underestimation
of the signal in this pixel and so taken into account by the flat-fielding and hidden
in its uncertainty. The cleaning could in principle also introduce an uncertainty,
however as discussed in the simulation section, removing the cleaning leads to an
increase in the statistical uncertainties while only marginally changing the inter-
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calibration results. Beside that, the broken pixels which are interpolated might
introduce an uncertainty for the UAV calibration. However, the muon calibration
is based on the comparison of a recorded muon ring with a modeled muon ring on
operational pixels as described in section 2.3.5, and is not impacted by this un-
certainty. This leaves us with the atmospheric absorption, the pedestals and the
flat fielding as common uncertainties. As discussed in the simulation section, the
change due to atmospheric absorption assuming average atmospheric conditions
in the relative efficiencies was about 0.5 %. It is difficult to qualify the uncertainty
of this value, given the limited number of measurements available under Namibian
atmospheric conditions and this so needs further investigations during which the
UAV is moved to different positions. However, as the muon optical efficiency cali-
bration is based on data from multiple very different pointings (216 runs over 25
nights), the effect of the atmospheric absorption on the computed average relative
efficiencies is expected to average out over these different pointings and so this
is not a common uncertainty for the relative efficiencies. The uncertainty on the
pedestals is mostly qualified by the pedestal width compared to which potential
systematic offsets are completely negligible. The average high gain and low gain
pedestal widths converted from ADC counts to intensities were between 0.87 and
1.09 photo-electrons and between 0.76 and 0.98 photo-electrons respectively. As
the pedestal widths of the individual pixels are independent, this number can be
multiplied by the square-root of the average number of illuminated pixels, between
33 and 47, to get the overall uncertainty due to pedestals in an event. This value
was between 4.6 and 6.8 photo-electrons for the different telescopes and gain chan-
nels. These values need to be compared to the standard deviation of the recorded
intensity in the UAV events which was between 83 and 176 photo-electrons and
so more than an order of magnitude larger than the uncertainty due to pedestals.
This shows that the statistical uncertainty in the recorded UAV light between the
events is much larger than the statistical uncertainty due to pedestal width. A
similar comparison can be done for the flat fielding uncertainty. The average flat
fielding uncertainty in each pixel is between 0.4 % and 0.5 % of the recorded in-
tensity. Using that these relative uncertainties are statistically independent, this
leads to an uncertainty between 0.06 % to 0.08 % over all the illuminated pixels.
The relative uncertainty of the intensity of a single UAV event is between 2 % and
4 %. However, the effect of this uncertainty is statistically independent for all the
UAV events whereas the effect of the uncertainty on the flat-fielding is the same
for all the events as the flat-fielding is determined once for the whole observation
period. For this reason, the relative uncertainty on the UAV intensity needs to
be normalized to the number of events which leads to values between 0.14 % and
0.22 %. So also here the uncertainties due to the statistical variations in the in-
tensity are higher, even though the difference between both uncertainties is not as
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Run A B
identification

Pointing Quad mean Quad mean Quad mean Quad mean
Model Residual Spread Residual Spread

Null Model 61.38 16.25 62.14 20.60
11-12/2016 37.26 15.52 25.87 16.68
05-06/2018 11.21 14.00 9.24 16.16
Simulation 7.01 12.23 11.38 13.71

Sim wo Broken Pix 4.11 12.00 5.23 11.35

Table 4.5: Quadratic mean (over telescopes and position coordinates) of the average
residuals and of the spread of the residuals (in arc seconds) for the two runs and
the different pointing models. Null Model: Model without any pointing corrections;
11-12/2016: H.E.S.S. standard pointing model based on data from November and
December 2016; 05-06/2018: H.E.S.S. standard pointing model based on data from
May and June 2018 (i.e., taken around the measurement period), except for CT4 where
data from December 2017 and January 2018 was used; Simulation: Residuals obtained
from simulation using broken pixels detected in data of runs and perfect pointing; Sim
wo Broken Pix: Residuals obtained from simulation without broken pixels and perfect
pointing

large.
As there are no other common uncertainties, the muon calibration method is

well suited for a cross-check of the UAV inter-calibration method. For this reason,
table 4.3 also shows the relative efficiencies obtained with the standard muon cali-
bration method averaged over the whole observation period of 25 nights and figure
4.17 the distribution of the muon relative efficiencies over the whole observation
period on a run-by-run basis (only considering normal observation runs). The rel-
ative efficiencies obtained from the UAV calibration deviate by within 5.5 % and
6.3 % from the relative efficiencies obtained from the muon calibration for run A
and B respectively. As both methods are not expected to have any common sys-
tematic uncertainty beside telescope operational uncertainties, this deviation by
about 6 % for the two different runs, is a strong indication that the uncertainties
of both methods are of the same order of magnitude or even less.

4.11 Pointing Correction

As discussed in section 4.7, I compared the residuals on the centre of gravity
from the position derived from three pointing models and two simulation variants
(with and without broken pixels). Examples of the obtained distribution for these
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Figure 4.19: Distribution of residuals on centre of gravity for different pointing models
described in section 4.7 for one telescope and one of the two camera coordinates per
run. The shown telescope and camera coordinate were chosen in a way that the residual
distribution corresponds the most to the average distribution for the model and run
(as they were looking quite differently for the different telescopes and runs). Top:
Residuals on x-coordinate of centre of gravity in CT2 for run A. Bottom: Residuals on
x-coordinate of centre of gravity in CT3 for run B.
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residuals for the five cases are shown in figure 4.19 for one telescope and coordinate
per run. Additionally, the quadratic means (i.e., the root mean square RMS) over
the four telescopes and two camera coordinates of the residuals and the spread
of the residuals is tabulated in table 4.5 for each case and run. Comparing only
the three pointing models used on the taken data to start, the residuals from the
Null Model (i.e., the model which does not use any pointing corrections at all) are
much higher than the residuals using pointing corrections (factor 5 to 7 using the
most recent pointing model). This shows that the pointing corrections work as
expected and need to be used to properly measure the UAV position.

Comparing the initially available pointing models (at data taking) from 2016
to the ones covering the actual period of data taking 18 months later, there also
is an improvement of a factor 3 in the quadratic means (which could even slightly
increase if an up-to-date pointing model for CT4 would be available). This shows
again the importance of using up-to-date pointing models as the pointing of the
telescopes evolves with time (among other due to the very slow sinking of the
foundation of the telescopes into the ground). Using out-dated pointing models
leads to a much less precise pointing direction of the telescopes rendering the
pointing corrections partially ineffective on comparatively small time-scales of 18
months as the multiplicative factor is higher between the recent and the outdated
pointing models than between the Null Model and the outdated pointing model.

I thus showed that it is possible to compare different pointing models with the
UAV data and classify them, but have not discussed yet whether it is possible to
compare the models to what is achievable with pointing corrections and whether
it is possible to improve the pointing corrections with the UAV. For this reason, I
performed simulations to disentangle the part of the residuals due to mispointings
from the part due to other phenomena. These simulations were run using the
simulation code described in section 4.5 which should encompass all the physical
phenomena as much as possible assuming however perfect pointing. I executed
them once with and once without broken pixels. For the simulation with broken
pixels, I used the same broken pixels as in real data.

Figure 4.19 and table 4.5 show that the squared means of the residuals are about
2 times higher in the simulation with broken pixels (which have been interpolated
during the data analysis as described in section 4.4) than in the one without broken
pixels. The interpolated broken pixels thus also lead to a shift of the centre of
gravity of the image even though the shift due to mispointings is much larger (as
can be seen by comparing the Null Model to data driven models). This means
however that it is not possible to get rid of the residuals by just correcting the
mispointings as they are also due to broken pixels and further phenomena (as the
residuals are also non-zero in the simulation without broken pixels).

Comparing now the residuals obtained from the simulation with broken pixels
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to the residuals on the data obtained using the H.E.S.S. standard pointing correc-
tions, there is no big difference for the two runs: The residuals from the simulation
are a bit smaller for run A whereas they are a bit larger for run B. This similar size
of the residuals shows that there is no room for improvement left as the most re-
cent pointing correction model already achieves the same residual size as expected
without mispointings.

Due to this, I tested a possible method for improving the residuals using the
pointing model from 2016. It consists in shifting the coordinates of the centre of
gravity in each telescope by their determined average offset. I obtained a quadratic
mean of the residuals of 1.32′′. Applying the method iteratively, I achieved even
lower residuals (0.04′′ for 3 iterations for example). This shows that shifting the co-
ordinates of the centre of gravity by their average offset is a very efficient method to
lower the residuals. They are, however, now lower than in the simulation (in which
perfect pointing was assumed) which means that there is an “over-correction”. The
shifting of the centre of gravity lowers the residuals no matter where they come
from. The shift does not only account for mispointings, but also for broken pixels
and other effects which are not necessarily consistent over runs. However, if they
are not consistent over runs a correction during calibration runs makes no sense.

One would have to disentangle the shift in residuals due to mispointings and to
other effects. This could partially be done by increasing the number of configura-
tions in which UAV calibration data is taken (different positions of the UAV and
pointing positions of the telescopes, trying to illuminate the telescopes regularly
over the whole field of view) which would allow to eliminate or average out effects
due to the position of the image of the UAV in the camera such as illuminating
always the same broken pixels. Additionally, one could go further in trying to
recover the light in broken pixels: Instead of interpolating taking the average of
the six neighbouring pixels, one could recover its intensity for example by fitting
a model image to the recorded data, obtained either from simulation or by aver-
aging over recorded data. Last but not least, it might be possible to get the size
of the shift from simulation and so not to take into account the part of the shift
present in the simulation too for the correction even though this would require a
very precise and accurate description of all the involved physical phenomena.

The spread of the residuals is the highest for the Null Model, lower for the
outdated pointing model and the lowest for the pointing model covering the period
of data taking. This is most likely due to telescope mispointings leading to an offset
of the determined position of the UAV from the real position resulting in a shift
in the residuals depending on UAV position which manifests itself by an increased
spread. The spread in the simulation is lower due to not simulating mispointings
and pointing variations and we have again that smaller residuals lead to smaller
spread of residuals.
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The uncertainty of source position determination with H.E.S.S. due to sys-
tematic pointing uncertainties was found to be between 10′′ and 20′′ per axis [126]
leading to a pointing uncertainty of 20′′ to 40′′ per axis and per telescope, assuming
the mispointings of the four telescopes to be independent. Part of this uncertainty
comes from a hysteresis effect, meaning that the bending of the masts depends
on deformations undergone at earlier position. This cannot be corrected for by a
static pointing model, but could in principle be corrected on a run-by-run basis by
looking at stars with known position passing through the field of view of H.E.S.S.
This allowed me to further confirm the order of magnitude of these uncertainties
as the found difference between the measured positions and the known positions
of stars for the different runs is following a Gaussian distribution with a standard
deviation between 15′′ and 20′′ (per axis) depending on the exact configuration.
The residuals obtained with the most recent pointing model have similar size (table
4.5) showing that the amplitude of the mispointings obtained with the UAV data
is consistent with the amplitude of the mispointings obtained with other meth-
ods and that the UAV already now achieves similar accuracy without elaborated
method of recovering broken pixels. The variation of the pointing of the H.E.S.S.
telescopes within runs is less precisely known, however one gets values of less than
10′′ using the positions of stars which is substantially less than the values found
with the most recent pointing models. This might be due to statistical variations
in the distribution of the photons in the UAV images increasing the statistical
uncertainty of the reconstructed position with the UAV. The consistency of the
obtained position offsets could be assessed in a more precise way by directly com-
paring the residuals from the UAV position determination with the offset in the
star pointing, however, there were too few stars visible in the two UAV runs to
make this possible. This might be considered in the next campaign.

4.12 Timing

As discussed in section 4.3, the UAV was set up in such a way that it was emitting
light pulses at regularly spaced time intervals. The frequency of these pulses was
1 Hz for the two successful runs of the first campaign, 60 Hz for the non-successful
run of the first campaign and 1000 Hz for the runs of the second campaign. The
regularity of these pulses makes it possible to do timing studies with the UAV
data and verify the accuracy of the H.E.S.S. timing and the correct attribution of
the time stamps to the individual events. As the precision of the recorded event
central trigger time stamps in the UAV campaign was 100 ns, it is not necessary
to take into account the difference in the propagation time of the photons from
the UAV to the telescope array as the movement of the UAV between events was
substantially less than 30 m.
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Figure 4.20: Normalized distribution of the time difference of two consecutive UAV
events. Left: Run A. Right: Run B. In these two runs the UAV pulses were produced
with a frequency of 1 Hz and the time differences between events are multiple of this
period.

The distribution of the time difference (as indicated by the event time stamps
attributed by the central trigger of H.E.S.S.) between two consecutive events in run
A and run B is shown in figure 4.20. As expected by the LED pulse frequency of
1 Hz of these two runs, by far most of the consecutive events have a time difference
of 1 s (note the logarithmic scale of the plot). However, some of them have a time
difference of 2, 3 or even 5 s for one of the events. This higher time difference for
some of the events is due to some of the LED pulses not being recorded as UAV
events. Indeed for run B, some of the events were not recorded or not completely
included in some telescopes and not selected as UAV event due to the movement
of the UAV (and it moving in and out of the field of view). However, most of the
"missing" events are due to two or more telescopes not recording the event due
to dead time. Indeed, when one of the telescopes triggers on an event, this event
needs some time to be processed leading to the unavailability of the given telescope
to record further events until the end of the processing of this event. This time
during which the telescope is unavailable is called dead time and the typical dead
times of the different cameras are discussed in section 2.1. The dead time in run A
and B was mostly due to cosmic events, as they were much more numerous than
the UAV events. The number of "missing" events while the UAV was in the field
of view of all telescopes agrees well with the expected dead time of the H.E.S.S.
telescope system or part of it. As an example, for run A the UAV was inside the
field of view of the four telescopes for 407 s and the expected four telescope live
fraction (i.e., the fraction of time during which none of the four telescopes was
affected by dead time) was 85.86 % which agrees well with 343 UAV events being
recorded in all four telescopes.

That all the consecutive events have a time difference which is an entire multiple
of the LED period constitutes again a verification of how well the event selection
works and that there are no cosmic events accepted in these two UAV calibration
runs. Indeed, cosmic events do not hit the telescope synchronous with UAV events
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Figure 4.21: Zoom in on the individual bins of figure 4.20: Normalized distribution of
the deviation from a one second multiple of the time difference in nanoseconds between
two consecutive events. Left: Run A. Right: Run B.

and so if any cosmic event would be accepted one should see an entry at an non-
integer value in the distribution. Additionally, it also verifies that the LEDs emit
pulses in very regular time intervals with the expected frequency and that the
H.E.S.S. telescopes are able to record these times with a very high precision and
attribute them correctly to the events.

To determine the precision of these time stamps, a zoom-in in the individual
bins of the distribution in figure 4.20 can be done. This is shown in figure 4.21,
where the distribution of the time difference is shown on a nanosecond scale for
the two successful runs of the first campaign. The same is shown in figure 4.22 for
the third run of the first campaign, one of the four-telescope runs of the second
campaign and one of the five-telescope runs of the second campaign. As mentioned
before the time stamps attributed to the events by H.E.S.S. only has a precision
of 100 ns which is why the distributions shown on these figures are discrete with
a difference between inidvidual entries of 100 ns. The unsuccessful runs with a
too long pulse duration can be used in this timing study since the problem of
the too long pulse duration is that the event is not completely recorded, however
the trigger still occurs at the beginning of an event and so the triggering time is
independent from this too long pulse duration.

The histograms of the time differences between two consecutive events shown
here on a logarithmic scale are all very peaked around the central value which
always corresponds to the expected time difference obtained from the frequency,
except for the run with a pulse frequency of 60 Hz as there the peak is distributed
over the two 100 ns bins the closest to the value corresponding to its period, which
is not an entire multiple of 100 ns. All the other values are at most 200 ns away
from the central bin. However, these bins contain much less events. This shows
that the recorded time difference between individual events deviates at most by
200 ns from the expected one. In addition, the distributions are all very symmetric,
which shows that there is no clock drift between the UAV and the H.E.S.S. array
up to the level of hundreds of nanoseconds over the timescale of the whole duration
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Figure 4.22: Normalized distribution of time difference in nanoseconds between two
consecutive events. Top left: Unsuccessful run of first campaign. Top right: One of
the four-telescope runs of the second campaign. Bottom: One of the five-telescope
runs of the second campaign.

of the observation of the UAV.
Overall, the relative UAV timing and the relative H.E.S.S. array timing agree

within hundred nanoseconds both on small scales as well as on larger scales up to
10 min. This indicates that the UAV also allows to verify the timing of a Cherenkov
telescope array. There are some small differences of about 200 ns which are very
close to the precision with which the time stamps have been read out. They could
be related to this limited readout precision, but also to the precision with which
the LEDs mounted on the UAV is pulsed which has not been characterized so
precisely.

Increasing the precision with which a timing comparison between the UAV
and a telescope array is done to verify and characterize the timing of the telescope
array is not a difficult task. First of all, one would have to characterize the timing
of the LEDs mounted on the UAV better and potentially optimize it. This would
even allow an absolute timing calibration of the array by attributing time stamps
to the pulses emitted by the LEDs. To avoid mixing the events between the UAV
and the array, one could even imagine using a recognizable timing pattern on the
UAV by changing the time difference between consecutive events according to a
pattern. Second, at some point one would also have to include the travel time of
the light between the UAV and the telescopes, which is slightly different for the
different telescopes. This could be done by using the position reconstructed with
the field of view method, would however come at the cost of also being impacted by
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its uncertainties reducing the maximum achievable precision, without optimising
this method, to few nanoseconds. Knowing the emission time of the light and the
time the light has been recorded by the individual telescopes on the other hand,
could allow to improve the position reconstruction, especially along the pointing
direction. This would however require a precision of the time stamps at picosecond
level.

4.13 Conclusions

In this part of my thesis, I have presented the results of the first ever inter-
calibration of a Cherenkov telescope array with a UAV-based light source which
also constitutes the first inter-calibration of a Cherenkov telescope array with a sin-
gle light source. This inter-calibration was performed with a first-generation pro-
totype constituted of a custom-tailored 400 nm LED-based light source mounted
on a multi-rotor UAV. This UAV was positioned inside the field of view of the
four HESS-I telescopes (for the first successful campaign) and illuminated all of
them with its pulsed light sources, leading to the calibration pulses being recorded.
The telescopes were then inter-calibrated based on the total amount of light each
of them recorded. The obtained inter-calibration deviated by 5.5 % and 6.3 % re-
spectively with the muon calibration for the two successful runs. As both of these
inter-calibration methods are based on very different physical processes, they are
not expected to have any common systematic uncertainties, beside those intrinsic
to all calibration methods based on a light source at a distance of hundreds of
meters from the telescopes. As they are on a smaller scale as discussed previously,
this is an indication for both methods having uncertainties of this order of mag-
nitude or less. This means that UAVs are well suited to inter-calibrate Imaging
Atmospheric Cherenkov Telescope arrays and that inter-calibrations with a single
light source on an event-by-event basis would indeed be possible.

This novel inter-calibration technique already delivers results with uncertainties
at few percentage level at its first attempt with a non-optimized first-generation
UAV prototype. This uncertainty will be improved first of all through a better
understanding of the systematic uncertainties by including more physical phe-
nomena in their determination and by comparing the results of this UAV-based
inter-calibration to further independent methods beyond the standard muon-based
optical efficiency calibration method, such as the air shower optical efficiency cal-
ibration method [127]. Then, it will also be reduced through further iterations of
the UAV prototype with a custom-tailored UAV platform, improvements to the
calibration platform and a better integration of the calibration payload to the
flight platform [123].

Beyond inter-calibration, I have also shown that it is possible to verify the
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pointing corrections of the H.E.S.S. telescopes using the observed UAV data by
comparing the effect that different telescope pointing models have on this data, and
this without taking any additional data. This constitutes an additional method to
verify that the pointing corrections of H.E.S.S. improve the direction reconstruc-
tion of incident Cherenkov photons with respect to using no pointing corrections
at all and that it is crucial to use a recent pointing model, taking into account a
change of the pointing of the telescopes with time (among other due to the sinking
of the foundation of the telescopes into the ground) leading to outdated pointing
corrections which become ineffective. For a final implementation, this would of
course have to be done with the UAV at numerous different positions to verify a
complete pointing model and not only verify it locally in one given configuration
as has been done so far.

In addition, I showed that the UAV data allows to easily verify the time stamp-
ing of the H.E.S.S. array system to at least the level of 100 ns, by looking at the
time distribution of events. This illustrates that the UAV is well suited for some
trouble shooting tasks, as it is able to procure a well-known and modifiable external
signal to all the telescopes of the H.E.S.S. array simultaneously.

Beyond inter-calibrating the relative optical efficiencies of Imaging Atmospheric
Cherenkov Telescope arrays and confirming their pointing accuracy, the UAV could
also be used in other calibration tasks. Among other, using the UAV-based inter-
calibration method, it is, unlike with the muon calibration method, easily possible
to perform a multiwavelength calibration: one can just switch the used light source
to one with a different wavelength (after assuring of course that it still fulfils the
requirements for the inter-calibration). So, one can monitor wavelength depen-
dent effects such as wavelength dependent degradation of the telescopes’ optical
system and the wavelength dependency of the quantum efficiency of the photo
multiplier tubes. A further possible calibration task for a UAV could be to mon-
itor the transparency of the lowest layer of the atmosphere, either by mounting
meteorological instruments on the UAV (as proposed in [123]) or by trying to in-
fer the atmospheric absorption from the amount of light recorded in the different
telescopes.

So, future planned campaigns cannot only ameliorate the systematic uncertain-
ties in the inter-calibration and potentially go beyond verification for the pointing
corrections, but also will allow us to quantify the potential of a UAV system for
these calibration requirements. These future campaigns will build on the success
of the first campaign and the lessons learnt from the second campaign, in which we
managed to include CT5 in the data taking procedure and so record the calibration
flashes by different telescope types, increase the altitude and so reduce the zenith
angle of the UAV and keeping it at a stable position at this altitude for more than
5 minutes and to increase the UAV frequency by a factor of 1000, and so even
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though no usable data resulted from it, we managed to test many improvements
in the data taking.



Chapter 5

Introduction to interstellar diffuse
emission and a novel detection
method

Beside the emission from the individual sources, which have been described in de-
tail in section 1.4, one also expects interstellar diffuse emission at GeV and TeV
energies. This interstellar diffuse emission is a very extended emission produced by
the interaction of cosmic rays with the interstellar medium, magnetic fields or radi-
ation fields. Interstellar diffuse emission has been detected in many energy bands.
At gamma-ray energies, interstellar diffuse emission from the Milky Way, which
is mostly due to hadronic cosmic rays interacting with the interstellar medium, is
even the dominant signal above 100 MeV for the Fermi gamma-ray satellite [129].

Even though ground-based gamma-ray telescopes only operate at slightly higher
energies than Fermi -LAT, it is much more challenging for them to observe inter-
stellar diffuse emission due to their comparatively small field of view. Indeed, it is
smaller than the extension of most regions from which interstellar diffuse emission
is expected. This leads among other to the impossibility to use any background
subtraction method based on the definition of a control region without signal in-
side the field of view (as described in section 2.5.1) and makes the development
of new analysis techniques mandatory. Nevertheless, in 2014 H.E.S.S. could put
a lower limit on a signal from interstellar diffuse emission and unresolved sources
along the Galactic Plane [130]. To do this, it used a control region for background
subtraction inside the field of view defined iteratively excluding regions passing a
given significance threshold and everything between a galactic latitude of −1.2◦

and 1.2◦. This choice of the latitude range was a compromise between having
a large exclusion region and having enough events for a proper background sub-
traction using a control region within the fields of view of the individual runs.
However, this means that the control region is potentially polluted by large scale

123
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diffuse emission (which is why H.E.S.S. could only obtain a lower limit with this
method).

In this chapter, I start by discussing interstellar diffuse emission and its ori-
gin in more detail, before coming to the Large Magellanic Cloud (LMC) and its
interstellar diffuse emission, which has been the main object of this work. Then,
I discuss in more detail why the standard analysis methods described in section
2.5 cannot be used for detecting and properly characterizing interstellar diffuse
emission and introduce the novel analysis method developed by a small group of
people within the H.E.S.S. collaboration to analyse extended emission based on a
run-by-run simulation of the taken data.

5.1 Interstellar diffuse emission

So far, I mostly considered the emission processes of gamma rays and cosmic rays
and then their interaction in the atmosphere and human-built detectors. In this
section, I will now discuss how these particles propagate from the source to Earth.
Even though photons travel straight and can be attributed to the sources where
they were produced, the space through which high energy particles propagate after
source emission is not at all empty, especially inside galaxies. Indeed, there is gas,
radiation and magnetic fields in the interstellar space which photons and charged
particles can interact with [129]. These interactions can lead to the production
of diffuse gamma-ray emission which is not associated to individual sources and
mostly extended.

The first ingredient necessary to the production of gamma-ray interstellar dif-
fuse emission is a source which injects cosmic rays into the interstellar space. One
of the principal sources of these galactic cosmic rays is believed to be supernova
remnants [129]. Interstellar diffuse emission can be either produced from injected
hadrons or electrons and so one distinguishes a hadronic and leptonic component.
The second ingredient is a component with which these cosmic rays interact to
produce diffuse emission.

Through their propagation, hadronic cosmic rays mostly interact with inter-
stellar gas [131]. The collision of these hadrons (mostly protons) with the matter
produces pions as described in section 1.3.5. The neutral pions decay mostly into
pairs of gamma rays which constitute the recorded diffuse emission. Due to the rel-
atively flat interaction cross section, the energy spectrum of the produced gamma
rays reflects the energy spectrum of the parent cosmic ray population, however
with a characteristic bump at half the neutral pion rest mass (at 67.5 MeV).

Leptonic interstellar diffuse emission is produced in the interaction of elec-
trons with gas or photons [131]. The interaction with the gas occurs through
Bremsstrahlung as described in section 1.3.2 and the interaction with low energy
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photons through inverse Compton scattering as described in section 1.3.3. Elec-
trons can also produce gamma rays by synchrotron radiation in galactic magnetic
fields, but this contribution is expected to be minor compared to the other three
sources of interstellar diffuse emission and to occur mostly at lower energies.

The gas inside the Milky Way is constituted of hydrogen (89 %), helium (10 %)
and few heavier nuclei (1 %) [131]. The hydrogen in this gas can be in form of
atomic hydrogen, molecular hydrogen and ionized hydrogen [129]. The spatial
distribution of the atomic hydrogen can be determined by emission in its 21 cm
spectral emission line. Molecular hydrogen is mostly concentrated in large clouds
and is hard to directly observe as radiative transitions in molecular hydrogen are
weak as hydrogen has no permanent dipole moment and rarely excited in cold
gases [132]. Its presence is inferred from the presence of carbon monoxide (which
is detected through its emission spectral line at 2.6 mm) or other molecules. This
requires however a good calibration of the abundance ratios between molecular
hydrogen and the considered molecule which is not always easy to achieve. Ionized
hydrogen can be traced using pulsar dispersion measures, i.e., the broadening of
the duration of the pulsar pulse due to the presence of free electrons in ionized
hydrogen plasma. Other methods to trace ionized hydrogen are to use the H-
alpha spectral emission line at 656.28 nm or through the Bremstrahlung emission
in the radio band produced by free electrons traveling through the Coulomb fields
of the ionized hydrogen atoms (free-free emission) [133]. All-sky maps of the
distribution of the three gas species are shown in figure 5.1. The Galactic Plane
can be prominently seen on the three plots, showing that there is an accumulation
of the three species around it. Molecular hydrogen tends to be concentrated in
massive molecular clouds and ionized hydrogen in star forming regions. Atomic
hydrogen on the other hand is the most massive component in the interstellar
medium and is observed in all directions.

The interstellar radiation field (constituted of photons) arises from the emission
by stars, the reprocessing of this starlight by interstellar dust as well as the cosmic
microwave background [129]. Its distribution can be obtained with the help of
models of the total emission arising from stars, the dust distribution and scattering,
absorption and re-emission properties of the dust [129].

The observation of diffuse emission allows to characterize all the processes
involved in its production. Indeed, as diffuse emission is produced by the inter-
action of cosmic rays with a target component, any information on one of these
components allows to derive constraints on the other one. These constraints are
the stronger the more one knows which processes could contribute to the diffuse
emission.

Measurements of the hadronic component allow to constrain the hadronic part
of the cosmic ray spectrum. Comparing the cosmic ray spectrum determined in
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Figure 5.1: All-sky maps of the distribution of the different hydrogen species within and
around the Milky Way. Top: All-sky column density map of atomic hydrogen gas using
EBHIS and GASS data (integrated over all the velocity range) reproduced from [134].
Centre: All-sky image of the carbon monoxide distribution as seen by Planck reproduced
from [135]. As mentioned in the text, carbon monoxide is used to trace molecular
hydrogen. Bottom: All-sky Hα map tracing ionized hydrogen recombination using
data from the Virgina Tech Spectral line Survey (VTSS), the Southern H-Alpha Sky
Survey Atlas (SHASSA) and the Wisconsin H-Alpha Mapper (WHAM) reproduced
from [136].
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this way at different positions or with the one locally measured at Earth leads
to insights in the propagation of cosmic rays. Then, the high diffusion length of
high energy protons leads to a distribution of high energy protons which is ex-
pected to be almost homogeneous over large scales. The diffuse emission produced
by the interaction of this homogeneous component with gas is therefore a good
tracer for the distribution of gas and constitutes a further cross-check of existing
spectroscopic observations (i.e., measurements through spectral emission lines) of
gas densities. On the other side, local excesses could also be an indication for the
presence of a cosmic accelerator and so their studies could help to discover new
types of accelerators.

The leptons are, at least at the very high energies considered in this study,
more impacted by radiative losses during propagation and are expected to be
more localized. For this reason, a leptonic component of diffuse emission allows
to trace the population of accelerated electrons near sources and so constrain the
distribution of sources and particle propagation and permit the discovery of new
sources of known or unknown type. The study of both processes also increases our
knowledge about cosmic ray particle interactions and radiation processes.

Last but not least, gamma-ray interstellar diffuse emission can constitute a
background for all potential new source discoveries. And so, characterizing it
better leads to a better understanding of this background and so to a better dis-
entanglement of the emission of this background from source emission.

5.2 The Large Magellanic Cloud and its interstel-
lar diffuse emission

The Large Magellanic Cloud (LMC) is a satellite galaxy of the Milky Way. It is
located at a distance of only 50 kpc [137] and can be seen with naked eyes from
Earth’s Southern hemisphere. From Earth, we have a nearly face-on view on it [87],
as can be seen in figure 5.2 which shows the Magellanic Clouds. This optimal con-
figuration reduces source confusions and so makes the observation of its individual
sources easier. The LMC is a very active star forming galaxy: For a volume of only
2 % of the Milky Way, it has 10 % of its star formation rate [87]. It is believed that
an interaction with its neighbouring galaxy, the Small Magellanic Cloud (SMC),
which is also an active star forming region, might have recently increased this
activity [139]. As a result, numerous interesting sources such as supernova rem-
nants, ionized hydrogen regions, bubbles and shells have been observed at different
wavelengths [87].

Due to its position in the Southern Hemisphere the LMC is a prime target for
H.E.S.S. and is not visible for the other Imaging Atmospheric Cherenkov Tele-
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Figure 5.2: Optical image of the two Magellanic Clouds - The Large and the Small
one. Reproduced from [138].
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Figure 5.3: Sky maps of the Large Magellanic Cloud showing the four H.E.S.S. detected
sources. Top left: Optical map of the entire LMC with the position of the H.E.S.S.
sources marked. Top right: Excess counts map of the gamma-ray emission seen by
H.E.S.S. around the region of N 132D obtained using the ring background method.
Green lines indicate 3, 4 and 5 sigma statistical significance of the gamma-ray signal.
Bottom left: Excess counts map of the gamma-ray emission seen by H.E.S.S. around
the region of N 157B and 30 Dor C obtained using the ring background method. Green
lines indicate 3, 5, 10 and 20 sigma statistical significance of the gamma-ray signal.
Bottom right: XMM-Newtion X-ray flux image of the region around 30 Dor C. The
superimposed cyan lines indicate the 68 %, 95 % and 99 % confidence level contours
of the position of the gamma-ray source. Adapted from [53].
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scopes. Four sources in the LMC have so far been detected with H.E.S.S. [53, 44].
Their positions in the LMC are shown in figure 5.3. All of them are consistent with
being point sources when observed with H.E.S.S. The brightest of these sources is
the pulsar wind nebula N 157B surrounding the pulsar PSR J0537-6910. With the
Crab Nebula, which has been the first point source discovered by a ground-based
gamma-ray telescope as discussed before, it is one of the brightest pulsar wind
nebulae. From its X-ray and gamma-ray emission, it has been concluded that this
pulsar wind nebula is embedded in a strong radiation field and a relative weak
magnetic field and is probably part of the stellar cluster LH 99. At an angular
distance of only 9′ (i.e., 130 pc), there is a second source, the superbubble 30 Dor
C. A superbubble is a cavity with an extension of the order of hundreds of pc filled
with less dense gas atoms than the surrounding interstellar medium. It is usually
carved by multiple supernovae and stellar winds. 30 Dor C has the largest known
X-ray synchrotron-emitting shell with a size of 47 pc. It is thought to have been
produced by multiple supernovae explosions in LH 90 and can also be observed
in the optical and radio. Further South is the core-collapsed supernova remnant
N 132D which is aged about 6000 years. It exhibits strong thermal X-ray emis-
sion. In addition, to the X-ray and gamma-ray, it can also be seen in the radio
and infrared. Last, to the east is the gamma-ray binary LMC P3 which has been
discovered more recently by H.E.S.S. [44]. Its position is consistent with the X-ray
source CAL 60 and it is thought to be a binary system of an O-type star and most
likely a neutron star, even though a black hole cannot be completely excluded. It
exhibits periodicity with an orbital period of 10.3 days. Beside these four discov-
ered very-high-energy sources, a very interesting source candidate is the remnant
of the supernova SN 1987A which exploded in 1987 and which was the first su-
pernova visible to the naked eye since 1604 and the only one so far from which
neutrinos (that could be attributed to the supernova) have been detected on Earth.
However, no emission from this supernova has been detected so far at gamma-ray
energies. This is interesting as some models suggested gamma-ray emission early
in the development of a supernova remnant and a non-detection with H.E.S.S.
puts constraints on these models. For the first time, one could observe the onset
of emission from a supernova remnant if this remnant will be detected by H.E.S.S.

Extended gamma-ray emission has been reported at GeV energies by Fermi -
LAT, but so far, such emission has not been observed in very high energy, in par-
ticular by H.E.S.S. The latest paper on interstellar diffuse emission in the LMC by
the Fermi -LAT collaboration is called "Deep view of the Large Magellanic Cloud
with six years of Fermi -LAT observations" and has been published in 2015 [140].
It discusses not only extended emission, but also the four point-like sources dis-
covered with Fermi -LAT in the LMC so far. As H.E.S.S., they detected emission
consistent with the position of the pulsar wind nebula N 157B, but were not able
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to disentangle whether it comes from N 157B and / or its associated pulsar PSR
J0537-6910. Two other sources are spatially consistent with N 132D and LMC
P3. For LMC P3, later on a periodicity of 10.3 days was discovered in the Fermi -
LAT data which could be confirmed with X-Ray and radio observations [141]. In
addition, they have detected the pulsar PSR J0540-6919 and could measure its
period of 16 ms [142], which has not been detected with H.E.S.S. so far. However,
Fermi -LAT could not detect the supperbubble 30 Dor C and, as H.E.S.S., it could
also not detect the supernova remnant of SN 1987A.

Coming back to the search for interstellar diffuse emission the Fermi -Lat collab-
oration presented in their paper, the first step of the analysis is the usual procedure
of subtracting a background model containing all known emission not coming from
the LMC. It consists of the Galactic interstellar emission, the isotropic Fermi back-
ground (accounting for isotropic diffuse gamma-ray emission and residual cosmic
rays classified as gamma rays) and previously detected known isolated sources in
the region not part of the LMC. The normalization of the first two components
and the spectral parameters of each individual source are left free and in a maxi-
mum likelihood fit to the data. For the modelling of the diffuse emission and the
remaining individual sources (the ones already discussed before) in the background
subtracted data, three different approaches are used: An analytic model, an emis-
sivity model and various template models. In the analytic model, the remaining
emission is represented by point-like sources (supposed to describe the individual
sources) and 2D-Gaussian shaped sources (supposed to describe the diffuse emis-
sion). First, two easily distinguishable point-like sources and a point-like source
identified by its pulsations are in the model. Then, iteratively further point-like
and 2D Gaussian components are added to the model by fitting them with a likeli-
hood procedure to the data keeping the parameters of the other components fixed.
New components are added until the change in test statistics TS was less than 25,
where TS is defined as:

TS = 2(ln(L)− ln(L0)), (5.1)

where L is the likelihood of the fit with the additional component and L0 the
likelihood without the added component. If the change in the TS value is less
than 25 the component is not added to the model and no component of the same
type is added to the fit any more. When no additional component yields a change
in TS value above 25 the procedure is stopped and the positions and sizes of all
the components are re-optimized with a likelihood fit starting from the brightest
component. Finally, the spectra of all the components are optimized by trying
different components.

The emissivity model is very similar to the analytic model, but instead of fitting
2D Gaussians after the fit of the point-like sources, it uses 2D Gaussians multiplied
with the gas column density. This model is physically motivated as interstellar
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diffuse emission in the 0.1 to 100 GeV is dominated by the interaction of cosmic
rays with interstellar gas. As before, all the positions and sizes, and after that the
spectra are re-optimized after having found all the components with a TS ≥ 25. In
the template fitting approach, the emission is fit once with an ionized gas map of
the LMC and once with a total gas map (i.e., atomic, molecular and ionized gas).
These fits are performed multiple times while testing the changes when adding
different combinations of the sources found with the other approaches with free
spectral parameters to the fit.

The fit with the ionized gas map leads to the disappearance of PSR J0540-6919
as all the significant emission at its position is reproduced by the gas map. This
ionized gas map indeed shows a peak in the very active region of LMC around PSR
J0540-6919, N 157B and 30 Dor C. However, the pulsations of PSR J0540-6919
are observed with Fermi -LAT and so the ionized gas template does not properly
describe the data. The fit with the total gas template leads to a TS value which
is by more than 700 lower than for the two other approaches (with about 20 fewer
degrees of freedom) and is not considered further due to its bad performance.
This very different performance compared to the ionized gas map is due to the
dominance of atomic hydrogen in the LMC which means that the gas template of
total hydrogen and atomic hydrogen are very similar [143]. The emissivity model
shows the best performance, by having a TS value which is higher by 73 than the
one of the analytic model for two additional degrees of freedom. This means that
the emissivity model is preferred with a statistical significance of about 8σ.

The results obtained with the emissivity model and the analytic model are very
similar, as illustrated in figure 5.4. The point-like sources are the same by con-
struction and there are four Gaussian components in the analytic model compared
to five in the emissivity model. However, a closer inspection discussed in the Fermi
paper shows that two of the Gaussian components in the emissivity model have an
almost coincident position and that the fit is not deteriorated significantly when
fitting both of them using the same spectral parameters, indicating that it might be
just one component with a more complex morphology. So, in the end, both models
show very similar components. One large-scale component is spanning the whole
LMC and could be linked to cosmic rays accumulated over long time-scales and
interacting with interstellar gas. The other three components have smaller scales
and are surprisingly in rather gas-poor regions of the LMC. To explain this, one
would need a local over-density of cosmic rays if the emission of these components
is indeed due to hadronic interstellar diffuse emission. To find a source for such a
local over-density, the local environment of these three emission components was
looked into in the paper. It is illustrated with the corresponding potential sources
of cosmic rays in figure 5.5. There is no obvious correlation which would hold con-
sistently for all three components. However, the component G3 / E2 illustrated



5.2. LMC AND ITS INTERSTELLAR DIFFUSE EMISSION 133

Figure 5.4: Illustration of the fit model components of the Fermi -LAT analysis. The
point sources are indicated by the green stars, the Gaussian emission components by
the green circles which (1-σ extent) on the top for the analytic model and on the
bottom for the emissivity model. The coloured map in the background indicates the
total gas column density distribution. Reproduced from [140].
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Figure 5.5: Illustration of the environment of the different small-scale extended emis-
sion regions found in the Fermi -LAT analysis. Top left: Environment of G2 / E1+E3.
Top right: Environment of G3 / E2. Bottom: Environment of G4 / E4. The com-
ponents resulting from the analytic model are in cyan and the ones in the emissivity
model in green. Pulsars are indicated by magenta pluses, Wolf-Rayet stars by white
diamonds, stars of spectral type B0-3 by blue dots, high-mass X-ray binaries by red
dots and supergiant shells by yellow circles. The map in the background is a so-called
hydrogen alpha map which shows the emission resulting from ionized hydrogen through
its 656.3 nm emission line. Reproduced from [140].
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on the top right plot is spatially coincident with a void1 surrounded by a super-
giant shell and the component E4 / G4 on the bottom plot also seems to be in a
quite empty region. The component formed by E1 and E3 respectively G2 on the
other hand, is in a more crowded region, even though there are not many young
stars inside the region, but the absence of voids in some of the supergiant shells
surrounding it might indicate that projection effects complicate the picture in this
region. So, there might be an association of emission components with cavities
and supergiant shells, even though there is not enough evidence to confirm such a
scenario, especially due to the lack of a strong identification of the sources which
would inject the cosmic rays in these cavities. This association would however
explain why the three smaller components are found in rather gas-poor regions.

However, not all of the extended emission observed with Fermi -LAT is neces-
sarily due to hadronic diffuse emission. As discussed in the previous subsection,
diffuse emission can also be produced by inverse Compton scattering, which could
explain the smaller scale components. However, at least the components E2 and
E4 are in regions with low strength of the interstellar radiation field and there are
no known sources injecting the electrons necessary for such a scenario. In addition,
these electrons should also produce synchrotron emission observable in the radio
band assuming the magnetic field not to be particularly low which has not been
seen, which makes such a scenario unlikely for these two components.

Another potential source of such extended emission could be a big number of
unresolved low-luminosity gamma-ray sources which mimic a continuous extended
emission component. The Fermi -LAT collaboration showed that each of the small-
scale components could be described by about five point-like sources, which could
be of the same type as sources already discovered with Fermi -LAT, but of lower lu-
minosity, such as pulsars, their surrounding wind nebulae and supernova remnants.
Additional sources of this type not detected with Fermi -LAT have already been
seen at other wavelengths as can be seen in figure 5.5 (see for instance: [144, 145]).

Interstellar diffuse emission from the LMC has not only been observed at
gamma-ray energies, but also at other wavelengths. X-ray observations by ROSAT,
and later on XMM-Newton, have revealed numerous discrete point-like sources,
most of them being X-ray binaries and supernova remnants [146, 147]. On top
of these sources, extended emission has been seen as illustrated in figure 5.6 ob-
tained from ROSAT data. No XMM-Newton results for extended emission are
shown here, as the increase in angular resolution from ROSAT to XMM-Newton
came at the cost of a lower field of view and so no full survey of LMC has been
performed with XMM-Newton due to observation time constraints. The origin
of this extended emission is most likely hot interstellar gas undergoing thermal

1A void here indicates the cavities filled with less dense gas atoms and fewer sources than the
surrounding medium delimited by supergiant shells or superbubbles.
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Figure 5.6: ROSAT mosaic map of the LMC for X-ray energies between 0.44 keV to
2.04 keV in a logarithmic scale in intensity. Various supergiant shells as determined
from ionized hydrogen emission (LMC1-10), the Spur and the Bar are shown as ellipses.
Reproduced from [146].
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Fig. 4. from LargeScale Diffuse XRay Emission from the Large Magellanic Cloud
Points et al. 2001 ApJS 136 99 doi:10.1086/321799
http://dx.doi.org/10.1086/321799
© 2001. The American
Astronomical Society. All rights reserved. Printed in
U.S.A.
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Figure 5.7: Ionized hydrogen map as seen by the hydrogen α emission line around
the X-ray emission region LMC1 of figure 5.6 obtained from the Magellanic Cloud
Emission-line survey [148]. A shell like structure can clearly be seen. Reproduced
from [146].
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emission and its components have scales from about 10 pc to 3000 pc. Most of this
extended emission comes from supergiant shells as seen from a comparison of the
X-ray maps with the ionized hydrogen maps on which shell like structures can be
clearly seen as illustrated as example for the component LMC1 (of figure 5.6) in
figure 5.7. There are two notable exceptions which do not have an ionized hydro-
gen counterpart: the LMC Spur and the LMC bar. The LMC bar is the largest
region of diffuse X-ray emission and constituted of a stellar population with many
ionized hydrogen regions. Part of its X-ray emission could be due to unresolved
sources, however an unrealistic high density of unresolved sources would be needed
to account for all of the emission. The X-ray Spur is a region in the South of su-
pergiant shell LMC2 and the region with the second highest average X-ray surface
brightness of LMC. The origin of its X-ray emission is unclear, even though it was
suggested that it represents the blowout of the hot gas interior to LMC2 into the
halo of LMC [149]. This is however difficult to accommodate with no indications
of an outflow being seen in the optical [150]. The X-ray map from the ROSAT
observations and the location of the different supergiant shells, the LMC Spur and
the LMC Bar are shown in figure 5.6.

5.3 Why the standard analysis underestimates emis-
sion from very extended sources

Current Imaging Atmospheric Cherenkov telescopes have fields of view of about
3◦ to 5◦ diameter. This makes the observation of interstellar diffuse emission
much more challenging than the observation of point-like or moderately extended
sources. Indeed, interstellar diffuse emission is characterized by large extension and
so mostly exceeding the field of view of Cherenkov telescope arrays. In addition,
interstellar diffuse emission is often not expected to have very strong gradients
or small-scale structure and so the change of the level of signal is expected to
be small over the field of view of these telescopes. These challenges come in at
multiple levels in the analysis.

First of all, the background subtraction usually relies on the definition of a
control region inside the field of view as described in the section 2.5.1. However, if
the extension of diffuse emission exceeds the field of view, any control region inside
the field of view is inevitably contaminated with diffuse emission. This leads to
an over-estimation of the background and consequently to an under-estimation of
potential diffuse emission. The H.E.S.S. collaboration has tried to get around this
in the 2014 publication on interstellar diffuse emission in the Milky Way [130] by
judiciously choosing control regions inside the field of view which are as little con-
taminated by interstellar diffuse emission as possible. These control regions were
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defined by iteratively excluding regions passing a given significance threshold and
everything between a galactic latitude of −1.2◦ and 1.2◦. This method led to the
detection of extended emission along the Galactic Plane. However, as mentioned
earlier, this choice of latitude range is a compromise between having large exclu-
sion regions and having enough events for a proper background normalization.
For this reason, the control region is most likely contaminated with an unknown
amount of background. So, “the reported signal is considered to represent a lower
limit compared to what might be detected with improved analysis strategies”, as
stated in the paper. So, to go beyond this lower limit, a background subtraction
not based on the subtraction of the background determined inside the field of view
needs to be considered.

To circumvent this, one could consider getting the background from a control
region which is not inside the field of view, such as by using the ON-OFF scheme
formerly used in very-high-energy gamma-ray astronomy. This ON-OFF scheme
consists in taking consecutively two runs with the observation position shifted
in right ascension, one on the region of interest (ON observation) and one on a
region without any known source (OFF observation). The observation conditions
for the ON- and OFF-region are then similar, as both observation runs have been
taken consecutively and towards the same zenith angle, and the OFF-observation
can be used as control region for the background subtraction. This, however,
leads to the necessity to have an OFF-run for each ON-run which doubles the
amount of observation for having a proper background subtraction. This is not
viable when combining 100 or even 1000 hours of observation when needing deep
exposure over a region extending the field of view of the telescopes as in the
search for interstellar diffuse emission. To avoid this necessity of taking the double
amount of data, the field-of-view background has been developed [116]. In this
background subtraction method, a generic background model is generated from
OFF runs, or ON runs with masked sources. This background model is usually
generated for multiple zenith angle bins (because this is the observation parameter
which has the biggest impact on the background model), but it is also possible
introduce a binning in other observation parameters. The normalization of this
background model is then usually defined by an adjustment to the data masking
the regions with expected emission. The main difficulty with this approach is that
interstellar diffuse emission is mostly expected in galaxies. Galaxies are regions
with high night sky background which might lead to a different behaviour of the
background which needs to be subtracted. For this reason, it is preferable to
determine the background from OFF-region with a similar amount of night sky
background. However, these regions are mostly galaxies and often crowded with
gamma-ray-emitting objects and possibly even interstellar diffuse emission and
also often not available in the right zenith angle band, making this approach
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difficult. Nevertheless, there are ongoing efforts to use this method to detect
extended emission [151, 152, 153, 154]. In this work, however, a different method
less prone to systematics through night sky background is investigated.

As a background subtraction based on the definition of a control region in-
or outside the field of view seems to be difficultly viable, a template background-
based approach such as the one described in section 2.5.1 seems to be the right
way to go. This background subtraction method needs a well-known acceptance
(as all background subtraction methods do) which leads us to the second challenge
of the search for interstellar diffuse emission. Indeed, interstellar diffuse emission
is expected from regions with high, but also not completely homogeneous night
sky background. These inhomogeneities lead to a variation of the acceptance with
position on the sky on a small scale. In the most commonly used 2D acceptance
calculation method (and in the radial acceptance method when summing over
multiple runs) different observation runs are summed in the camera frame to obtain
the acceptance. This smears out all field of view-specific influences such as varying
night sky background as described in section 2.5.2. This smearing out of night sky
background in the calculated acceptances increases the systematic uncertainties of
any diffuse analysis, especially when combining a huge number of observation runs.
Using the simpler radial acceptance without summing over runs does also not solve
this issue. Indeed, it assumes a radial symmetry around the observation position
(beside correcting for zenith angle) and so does not consider inhomogeneities in the
response of the camera breaking this symmetry. This leads to increased systematic
uncertainties especially when combining a huge number of observation or at high
zenith angle.

This shows that none of the traditional analysis methods of gamma-ray astron-
omy is fully well suited for the study of extended emission inside galaxies and that
novel analysis methods are necessary. A novel analysis method better suited for
this kind of analyses developed within the H.E.S.S. collaboration is described in
the following.

5.4 Run-wise simulations

As shown in the previous section, a novel analysis method with a different back-
ground subtraction and acceptance determination method is necessary in order to
detect largely extended emission. This novel analysis method starts with a novel
simulation procedure. Until now, all major Cherenkov telescope arrays have used
basically the same Monte-Carlo simulation strategy: simulations were generated a
priori with different values for the most relevant parameters (atmospheric profile,
zenith angle, azimuth angle, participating telescopes and camera configuration, ...)
and the rest of the configuration being kept unchanged for all simulations [155].
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From these simulations the so-called instrument response functions (IRFs), i.e.,
among other the point spread function, effective area and energy dispersion of
H.E.S.S., are generated for the different parameter values. For a given observation
run, the IRFs are then interpolated in these tabulated parameter values. Even
though this interpolation in the most important parameters helps to achieve a
more precise result than using just one parameter value for each parameter, it is
a simplification which introduces again systematic uncertainties, especially under
high night sky background conditions.

For this reason, a new simulation scheme based on so-called run-wise simula-
tions has been implemented within the H.E.S.S. collaboration [155]. These run-
wise simulations are not produced a priori before the data taking, but after the
observation runs have been taken. The idea is to simulate each run individually
with its actual settings, which is why they are called run-wise simulations. This al-
lows to use the actual observation conditions for the simulation and so removes any
necessity for an interpolation. It also allows to increase the number of variable pa-
rameters in the simulation without an increase of the necessary computation time
and so to get the simulations much closer to the observational reality [156]. The
parameters from the observation used for the run-wise simulations are:

• The array configuration (i.e., which telescopes participate in the run)

• The start and end time of the observation

• The pointing position of the telescopes (which allows to properly include
zenith angle dependencies)

• The position of the observed source (i.e., the direction from which the pho-
tons arrive)

• The optical efficiency of each individual telescope

• The transparency coefficient which represents the atmospheric transparency

• The camera focus

• The trigger settings

• The life-time fraction of the individual telescopes

• The non-operational pixels

• The gain of the individual photo-multiplier tubes

• The gain ratio between the high and low gain channel of each photo-multiplier
tube
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Figure 5.8: Overview flowchart of the production process of run-wise simulations.
Adapted from [155].

• The flat-field coefficient of each pixel

• The night sky background recorded in each pixel

Most of these parameters come out of the calibration and so it is crucial to have
a well-understood and reliable calibration framework which can be reproduced in
simulation.

The production of run-wise simulations for a given run is schematically illus-
trated on figire 5.8. First, the run number, desired statistics level defined by the
differential flux at 1 TeV and the photon index Γ of the simulation need to be
specified [155]. In addition, a source position can be specified, otherwise it is read
automatically from the database for runs where a given source was observed [156].
This source is usually assumed to be a point-like source, but for diffuse analyses
a uniform diffuse cone angle around the source position can be set. These param-
eters, as well as the array configuration, the zenith angle and the relative optical
efficiencies of the telescopes, are then used to compute the maximum impact dis-
tance of the primary photons from the centre of the array, the minimum energy of
the simulated primary photons and finally the number of events to be simulated
according to the input energy spectrum using a maximum energy for the simulated
primary photons which is often set to 100 TeV. Then, the primary photons to be
simulated are uniformly distributed between the start and end time of the run
read out from the database and also over the circle defined by the diffuse cone
angle if such an angle has been defined. Then, all the observation parameters
used for run-wise simulations listed in the previous paragraph are read out from
the database and the simulation of the atmospheric showers produced by the pri-
mary photons are simulated with the "Kaskade" software. Its output is directly
passed to the "SMASH" software (without saving the intermediate results on disk
to reduce the needed disk space) which performs the detector simulation. During
this procedure, the pointing position of the telescopes is updated at the beginning
of the simulation of each particle to simulate the tracking of the trajectory of a
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source on the sky. In addition to these primary photons from the source, night sky
background photons with a rate according to the one measured in the observation
are simulated in each pixel.

The output of these run-wise simulations can then be analysed in the same
way as actual data [155]. If one wishes to have a simulated source with a more
complex spectrum than a power-law spectrum or a steeper spectrum than the
simulated one2, the simulations can be re-weighted by weighing individual events
or throwing away events. Similarly, any source morphology can be implemented
in the simulation or mimicked by re-weighting or throwing away events.

The run-wise simulation production is fully implemented in the HESS software
(and was so already when I started my work on interstellar diffuse emission). Run-
wise simulations can easily be produced by specifying a list of runs, the differential
flux, the photon index and if applicable the source position and the diffuse cone
angle as well as the software version, simulation configuration and analysis profile
(defining among other the event selection and reconstruction). In order to avoid
the production of the same run-wise simulations multiple times by different col-
laboration members, the run-wise simulation production within H.E.S.S. is based
on a request system.

5.5 Generating Instrument Response Functions and
Background Models from run-wise simulations

The idea of this novel analysis method is then to use these run-wise gamma-ray
simulations to generate instrument response functions and a background model
for the gamma-like events (i.e., the hadronic events which are wrongly classified
as gamma rays after reconstruction) for the background subtraction, assuming
that it is possible to generate a background model of gamma-like events from
simulated gamma rays. This allows not to rely on the definition of a control region
(likely polluted by interstellar diffuse emission) for background subtraction or a
stacking mechanism for the acceptance maps which smears out all field of view
dependencies as discussed in section 5.3. This background model generation is
done by simulating a diffuse source for each run with run-wise simulations and the
distribution of the primary photons produced by this source is then assumed to
correspond to the distribution of the gamma-like events and used as background
model [157]. This strongly relies on the similarity of gamma-like and gamma-ray

2If a source has a very steep spectrum, simulating a softer spectrum with run-wise simulations
allows to have a more equal number of simulated events in each spectral energy bin and avoids
very large statistical uncertainties at high energies from the simulation side.
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Figure 5.9: Cosine of the zenith angle against the ratio of the number of simulated
events to the number of recorded events for different OFF runs. Left: Before zenith
angle correction. Right: After zenith angle correction. The ratio not being centred
around 1 on the left plot is due to a increased simulation statistics compared to the
expected number of events in order to reduce statistical uncertainties. This difference
in simulation statistics is "automatically" taken into account when performing the
linear fit for the zenith angle correction. Reproduced from [157]

showers so that the gamma-like acceptance can be simulated with gamma rays.
The detailed procedure of this background model and IRF generation as well as the
foundation of the assumption of the similarity between gamma-like and gamma-ray
events are discussed in the following of this subsection.

First of all, diffuse run-wise simulations need to be generated for all the runs
part of the analysis. This is done with a diffuse cone angle of 3◦ with the cone
centred on the centre of the field of view [157]. Before doing any analysis, it is
necessary to check that the behaviour of the run-wise simulations corresponds to
the behaviour of the observation background. For this, the number of events in
OFF-runs has been compared to the number of events in the corresponding run-
wise simulations in a first step. As the hadronic background is almost isotropic
due to galactic magnetic fields and the initial simulated photon distribution has
also been isotropic, the ratio between both quantities should be constant with
respect to all variables. However, a small dependence on zenith angle has been
discovered which led to a relative root mean square error of the ratio of the number
of simulated events and the number of recorded events of 11.3 %. It has been
corrected by fitting the zenith dependence with a linear fit in the cosine of the
zenith angle and using the fit parameters as correction factors. This led to a
reduction of the relative root mean square error to about 7.3 %.
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Figure 5.10: Top: Distribution of background events in an observation run and sim-
ulated events in the corresponding run-wise simulation as a function of the squared
radial distance of the event from the pointing position of the run. Bottom: Ratio of
these both quantities. A discrepancy of up to 5 % can be seen between observation
and simulation. The wiggles in the bottom plot are due to limited statistics within one
run. Reproduced from [157].
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In a second step, the comparison of the number of simulated events and the
number of recorded events has been done within individual runs (i.e., against
a parameter which is different for different events within a run) and not only
between different runs anymore. A small difference with radial distance of the
event to the pointing position of the run of the level of up to 5 % was found
as illustrated in figure 5.10 where the distribution of events as a function of the
squared radial distance is shown for OFF-observation runs and simulated events in
the corresponding run-wise simulations [157]. A procedure has been put in place
to correct such a difference. It consists first of all in selecting an OFF runlist with
different regions of interest without any gamma-ray source [158]. The runs in this
OFF runlist should be selected in a way that their distribution is as isotropic as
possible in all the relevant observation parameters and especially zenith angle. The
idea is then to produce run-wise simulations for this runlist and attribute a weight
to each simulated event such that the radial distance dependence disappears. To
do this, the runlist is in a first step randomly split in a training and a test dataset
such that the training dataset contains 7/8 of the runs and the test dataset 1/8
of the runs. Then, the correction weight w is assumed to depend on the squared
radial distance x, the true energy (i.e., the energy input in the simulation) E and
the zenith angle zen. From these quantities, a model for the correction weights is
built containing 4 free parameters to be adjusted:

w = Eγsim−γbkg+CE log10 E + plin × x× zen + pquad × x2 × zen, (5.2)

where γsim is the photon index input in the simulation. The 4 free parameters
to be fit are γbkg, CE, plin and pquad. The real photon index of the background
emission is described by γbkg and the spectral curvature by CE. plin describes a
term linear in the squared radial distance multiplied by the zenith angle and pquad

a term quadratic in the squared radial distance multiplied by zenith angle. Using
this parametrization of the weights of each simulated event, the squared sum of the
difference in counts between the simulated and actual dataset over energy, squared
radial distance and zenith angle bins is minimized (least square fitting method)
using the training dataset. This leads then to best-fit values for the 4 parameters
and so to a best-fit weight for each simulated event. Finally, the weighted mean
absolute error (MAE) is calculated on the test dataset using the best-fit weights.

This procedure is repeated for the 7 other possible splits in training and test
datasets such that each event is once in the test dataset [158]. Then, the individual
fit parameters are weighted according to their MAE and summed over the 8 splits
and the new parameters, the average MAE and the standard deviation of the MAE
over the splits are stored. The entire procedure is finally repeated 100 times using
different random dataset splits and the results from each of this 100 repetitions is
stored.
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Figure 5.11: Left: Distribution of simulated events in angular space for one run. Right:
Generated binned background model for the same run by smoothing the simulated
events with a kernel density estimation.

To apply these radial corrections to a given run which may contain gamma-ray
emission, for each simulated event its weight is computed from the parameters
of each of the 100 repetitions and the median weight is applied to the simulated
event [158]. These radial corrections can then be validated by comparing the
MAE obtained on the dataset used to produce the radial correction to the MAE
of an independent validation dataset to make sure there are no indications for
over-fitting.

These radial corrections were initially produced for studies of the Milky Way,
for zenith angles between 5◦ and 40◦. These are the radial corrections used for the
Cen A and NGC 253 datasets presented later in this study. However, LMC and
SMC are at much higher zenith angle, and so need a radial correction model valid
at higher zenith angles. For this reason, I generated a new radial correction model
valid between 40◦ and 60◦ using 194 OFF-runs taken at zenith angles between
38◦ and 62◦ without any known very-high-energy gamma-ray source, which I then
used for the LMC and SMC analysis.

After having generated the radial correction model, this model is used to cal-
culate the correction weights of the run-wise simulation on a run-by-run basis for
the runs used for the actual analysis [157]. Then, the point-spread-function, the
effective area and energy dispersion of H.E.S.S. are generated from the simulated
event list by checking which of the simulated events were recorded by H.E.S.S. and
comparing the input energy and angular position of the simulated events with the
reconstructed ones. After that, the background models are generated using the
radial correction weights. To do this, the distribution of simulated events with
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a reconstructed energy above a given threshold is generated for each individual
run as illustrated on the left of figure 5.11. This distribution is then smoothed on
a run-by-run basis with an Epanechnikov kernel with a bandwidth h of 0.4◦, as
illustrated on the right of figure 5.11, leading to a background model for each run.
The Epanechnikov kernel, defined as (including the bandwidth h)

K(x) =

{
3

4h

(
1− x2

h2

)
, for |x| ≤ h

0, otherwise,
(5.3)

is the kernel which leads to the lowest asymptotic mean square error [159]. The
background model is finally binned with a bin size of 0.1◦×0.1◦ and rescaled to
match the expected background flux. The background models generated in this
way obviously do not contain any energy information except for the minimum en-
ergy cut. This means that is not possible to do any spectrum analysis with these
background models. In principle, it would be possible to get energy-dependent
background models by binning the events in energy when generating the back-
ground models, however this would require an adaptation of the radial corrections.

This background generation was tested again on OFF-runs taken on regions
without any known H.E.S.S. source using a runlist completely independent from
the one used for generating the radial corrections [157]. In this runlist, runs on
seven fields of view with different observing conditions were included. After hav-
ing verified that the generated background maps on the considered fields of view
visually agree with the counts map from the taken data, the best-fit background
normalization for the individual runs was computed (using the fitting procedure
described in the following section) in order to look for a potential remaining cor-
relation between the background normalization and the observation conditions.
This best-fit background normalization is plotted as a function of the main ob-
servational parameters, namely the night sky background, the azimuth angle, the
zenith angle, the right ascension and the declination in figure 5.12. One can see
that overall, the remaining correlations are small, even though there are indica-
tions for a slight positive correlation for zenith angle and right ascension. However
as runs on a given field of view are taken with almost the same right ascension
and also mostly with a very similar zenith angle, such a small correlation is not
worrisome. Another interesting point which is visible from these plots is that there
is almost no correlation between the best-fit background normalization and night
sky background. This is due to the night sky background being taken into account
in the run-wise simulation and indicates that the background model generation
from run-wise simulations is working as well in high night sky background regions
than in low night sky background regions. However, the range of this plot does not
exceed 100 MHz, which is due to there not being any higher night sky background
region with no known source observed by H.E.S.S. and that it is the average night



5.5. IRFS AND BKG MODELS FROM RUN-WISE SIMULATIONS 149

Figure 5.12: Best-fit background normalizations as a function of different observation
parameters for different fields of view. The uncertainty bars indicate the population
standard deviation of the values obtained from the different runs on the same field of
view. Top: Background normalizations as a function of night sky background. Centre
left: Background normalizations as a function of azimuth. Centre right: Background
normalizations as a function of zenith. Bottom left: Background normalizations as a
function of right ascension. Bottom right: Background normalizations as a function
of declination. Reproduced from [157]
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sky background over the whole region of interest, whereas in the LMC locally night
sky backgrounds up to 200 MHz are reached. Such high night sky backgrounds are
taken into account as well in the run-wise simulation and there is no indication for
a steepening of the correlation on the plot in figure 5.12. These plots also illustrate
the systematic uncertainty on the average background normalization predicted by
the run-wise simulation for a given field of view. Indeed, the average offset from 1
of the best-fit normalization amounts up to 5 %. As this offset also includes sta-
tistical uncertainties, the predicted average background normalization for a given
field of view has a systematic uncertainty of less than 5 % in average.

Afterwards, the systematic uncertainties on the background models generated
with this procedure were assessed. For this, the systematic uncertainty deter-
mination method described section 6.2 was used, however here with a maximum
offset of 2◦. Four of the seven previously considered fields of view were used (the
ones without any detection with Fermi -LAT and no hint for emission) and the
systematic uncertainties were computed for them [157]. The average field-of-view
systematics found with this method were of the level of 2 %. However, on one of
the fields of view values up to 3.1 % were reached. No correlation between these
systematic uncertainties and the night sky background could be found. This shows
that systematic uncertainties, in average at the level of 2 %, need to be taken into
account and may exceed statistical uncertainties, especially in very deep exposure
regions.

5.6 Analysis procedure

Once we have determined a good background model, one can start to search for
large scale diffuse emission that would appear on top of this background. The
idea is to determine simultaneously the parameters of all the different emission
components in the region of interest using a likelihood fit to find the contribution of
each model. The different components are the background, the known sources, the
interstellar diffuse emission and the unresolved sources. I derived the background
model from the previously presented run-wise simulations and masked the known
sources as determining their properties was not the aim of this study. In this first
stage for the search of interstellar diffuse emission, I followed a similar approach
as Fermi in their LMC analysis I presented previously and tried to fit extended
emission with Gaussian shaped components. In the presence of extended emission,
diffuse emission can then be disentangled from unresolved sources using more
complex models in the same likelihood fit at a later stage.

First, I selected the dataset for the analysis. The different selection criteria and
the used datasets, which I discuss in more detail in section 6.1, led to selections of
hundreds of runs which is much more than used in most H.E.S.S. analyses. This
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is due to the expected interstellar diffuse emission being located in well observed
galaxies with numerous interesting sources and the combination of data taken
on different pointing positions to a common dataset which is not so common in
gamma-ray observations. After the selection of the dataset, diffuse run-wise sim-
ulations are produced for all of the runs in the dataset. The simulated statistics
were equivalent to 200 times the recorded Crab flux at 1 TeV. Then, I computed
the radial correction weights and the IRFs for each run, and finally determined the
background models.

At this stage, all the ingredients for the actual fit were ready. As a first step, I
masked all the known sources with a mask of 0.3◦ radius and applied a maximum
radial offset cut of 2◦ around the pointing position for each run as the perfor-
mance of the radial corrections rapidly degrade for larger offsets. Then, I defined
the Gaussian components to be added to the fit. These Gaussian components are
supposed to represent the emission morphology and I folded them as such with
the IRFs and the exposure to obtain the predicted counts map in the fitting pro-
cedure. As mentioned before, there is no energy information in the background
models and so no spectrum information can be derived. For this reason, I fixed the
photon indices of the Gaussian components to 2. This left me with four remaining
parameters to be fit for each component: the centre (two angular position coor-
dinates), the angular extension and the amplitude. In addition to these Gaussian
components, one run-wise background model per run was part of the fit. The
shape of these background models was fixed, however the normalizations of the
background models were left free, adding one additional parameter per run to the
fit. This led to the number of free parameters in the fit being the number of runs
plus four additional parameters per Gaussian component.

I performed tests trying to fit all these parameters simultaneously in a global
likelihood fit, however as expected the fit became non-converging fast when adding
more than a hundred of observation runs. This is on the one hand due to the
sheer number of parameters in the fit, but on the other hand potentially also to a
certain amount of degeneracy in the fit. Indeed, for runs taken at exactly the same
observation position, the background models are expected, even though being not
exactly the same due to different observation conditions (which is the reason for
the use of run-wise simulations), to be similar. This possibly leads to a certain level
of degeneracy between the background normalizations of runs taken at the same
(or even at close) observation position(s). In order to include all the runs (passing
selection criteria) taken on a source to have the highest possible sensitivity an
adaptation of the fitting procedure was necessary. The best option seemed to go
for an iterative fitting procedure, in which I did not determine all model parameters
simultaneously anymore. Instead, I adjusted different parameters successively in
different fit iterations. This implies that some correlation between the parameters



152 CHAPTER 5. DIFFUSE EMISSION & ITS DETECTION

of the different models were not correctly taken into account when determining
the best-fit parameters.

The implemented iterative fitting procedure consists of two steps. In the first
step, I adjusted the background normalizations alone, without including any Gaus-
sian components for extended emission on a run-by-run basis. Then, I fixed the
background normalizations to the fit values for the individual runs and stacked
the counts maps, exposure maps, instrument response functions and background
models with fixed normalizations of the different runs to one common dataset in-
cluding all runs. In a second step, I fit this common dataset with the previously
obtained background model. In this iteration, the free parameters are the overall
background normalization and the parameters of the Gaussian components.

Instead of one big fit with hundreds of parameters, this iterative method leads
to many small fits with all of them one parameter (the background normalization
of the considered run) except the last one which has one parameter for the overall
background normalization and four additional parameters per Gaussian. This
comes at the expense of not fitting all parameters simultaneously anymore. Indeed,
in the first step the background normalizations are fit without any extended model,
which leads to an over-estimation of the background if there is substantial extended
emission. This is partially counterbalanced by leaving the overall background
normalization in the final fit free, but if there is a local component, this can of
course not be completely accounted for by reducing the background normalization
over the whole region of interest. Fitting the background normalizations over the
whole region of interest (except for the masked sources) tends to underestimate
the contribution of extended emission if it spans a big part of the H.E.S.S. field
of view and to overestimate the background normalization of the runs taken in
its direction. This method is called Method B in order to distinguish it from the
methods introduced in the following and summarized in table 5.1.

However, the background models generated from the run-wise simulations do
not only deliver a prediction of the background shape, but also a prediction of
the background normalization. The systematic uncertainties on these background
predictions amount to less than 5 %, as discussed in the previous section. So,
one could try to use background normalizations produced by run-wise simulations.
This would avoid the potential overestimation caused by a local diffuse component,
but has the disadvantage that any systematic over- or underestimation of the
background over a given field of view is accumulated over the runs taken on this
field of view and might lead to significant differences, especially in the very deep
exposure fields I consider in this study. This method is called Method A in the
following.

An alternate approach would be to fit the background normalizations while
excluding any regions with excesses or deficits. A definition of exclusion regions
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based on physical arguments seems however difficult for LMC, as the emission seen
by Fermi -LAT is very extended (compared to the H.E.S.S. field of view), and there
are also no other a priori reasons why not the entire LMC should be filled with
diffuse emission. For this reason, I chose a data driven approach: subtracting the
background models directly from the observed data without refitting the normal-
izations can deliver a prediction for regions with excesses or deficits on the basis
of which exclusion regions can be defined. I used two different methods to define
these exclusion regions in this study. First of all, I based the exclusions on the Li
& Ma significance map (computed as described in section 2.5.3) produced using a
top-hat convolution kernel with a size of 3 pixels of 0.1◦ side length, such as the
ones which will be shown for the systematic studies in figure 6.9. Then, I excluded
everything above 2σ or below −2σ in order to exclude excesses and deficits sym-
metrically. I voluntarily selected a low threshold in order to reduce the impact
of physical excesses as much as possible. This low threshold also cuts off part
of the statistical fluctuations, however as the significance distribution generated
by statistical fluctuations is symmetric, this does not have an impact on the fit
background normalizations - beside the impact of the systematic uncertainty in the
initial background normalization used to define the exclusion regions whose impact
is discussed at the end of this paragraph. This allows then to refit the background
normalizations only based on regions without any significant excess or deficit. It
is however based on the significance of an excess or a deficit and so the defini-
tion of these regions strongly depends on the exposure accumulated on a given
region beyond statistical uncertainties. Indeed, the more exposure is accumulated
on a physical excess, the more significant it becomes. For this reason, a second
method to define the exclusion regions using an exposure independent definition
(except for statistical variations) was used. In this method, the residuals over
background are used as direct qualification for the systematics level (or a signal
beyond systematics level) and everything above 6.5 % or below −6.5 % is excluded.
This value was picked as it leads to similar exclusions as the significance criterion
in galactic regions at deep exposure. This way of defining the exclusion regions
might be problematic in local very high exposure regions, where a very significant
signal does not pass the residuals over background threshold and is removed by
the fit background normalizations, however one can avoid this by checking the
remaining maximum significance. After having defined these additional exclusion
regions (beyond the masked sources), I adjusted the background normalizations on
the remaining of the region of interest. To make sure that there are still enough
events in each run to determine the background normalizations, I verified that
each run had at least 40 event counts outside of the exclusion region in the back-
ground model (of the about 800 to 1000 total counts in the background model
depending on zenith angle) leading to a statistical uncertainty of about maximum
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Method Background normalizations + / –
A Directly from + No overestimation due to Diffuse

run-wise simulations – Systematics of bkg accumulated
B Fit over whole region of interest + Bkg norms fully from data

(except known H.E.S.S. sources) – Overestimation due to Diffuse
C Fit using exclusion regions ◦ Impact of diffuse reduced

based on significance ◦ Bkg norm systematics reduced
– Depends on observation time

D Fit using exclusion regions ◦ Impact of diffuse reduced
based on residuals over bkg ◦ Bkg norm systematics reduced

+ Independent of observation time
beside fluctuations

Table 5.1: Summary of the used methods to determine the relative background normal-
izations in the first step of the iterative fitting procedure. The first column indicates
the method, the second column the way the background normalizations were deter-
mined and the third column gives some of the advantages and disadvantages of the
method.

15 % for the individual runs assuming a Poisson distribution (leading to an overall
statistical uncertainty of about 1 % when combining 200 runs under the unrealistic
assumption that all of them have only 40 surviving counts). This was the case for
the runs which I selected for the analysis. The method using exclusion regions
based on significances will be called Method C in the following and the one using
exclusion regions based on residuals over background Method D. However, even
when using the normalizations predicted by the run-wise simulations to determine
the exclusion region (as in Method C and D), the exact shape of this exclusion
region depends on the normalization obtained from the simulation and so an over-
or underestimation of this normalization leads to a stronger cut on negative (re-
spectively positive) values and so to an over- (respectively under-)estimation of
the fit background normalizations, even though the effect is much smaller than
in Method A where the background normalizations from the run-wise simulation
are directly without doing any adjustment. So, Methods C and D rely on a good
prediction of the background normalization from the run-wise simulations too.

This then leads to four different methods to determine the background normal-
izations in the first step of the two-step iterative fitting procedure:

• In Method A, I use directly the background normalizations from the run-wise
simulations.

• In Method B, I fit the background normalizations over the whole region of
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interest (except for the known H.E.S.S. sources) on a run-by-run basis.

• In Method C, I fit the background normalizations using exclusion regions
based on significance.

• In Method D, I fit the background normalizations using exclusion regions
based on significance and fitting the background normalizations using exclu-
sion regions based on residuals over background.

All these four methods are summarized again in table 5.1 to have a quick overview
of the methods. As each of these four methods has its advantages and disadvan-
tages as discussed before, all four methods have been investigated in this study.
After this first step, I fit the overall background normalization together with a
given number of diffuse components on a stacked dataset with the relative back-
ground normalizations fixed.

As discussed before, I perform these fits using a maximum likelihood fit. So
similar to the Fermi analysis presented previously, it is possible to define a test
statistic to compare different models fit to the same dataset. The difference in test
statistic ∆TS is defined as:

∆TS = 2(ln(L1)− ln(L2)), (5.4)

where L1 and L2 are the maximum likelihoods of the two models to be compared.

5.7 The advantage of the run-wise method for the
analysis of extended sources

Comparing this novel run-wise-simulation-based background and acceptance de-
termination method to the more standard methods discussed in section 5.3, one
can immediately see the advantages it has in the search for extended emission,
in particular in regions in which there might be a high night sky background.
First of all, the method does not rely on the definition of a control region for the
background determination as the background is directly obtained from simulation.
This opens the possibility to investigate emission covering the whole field of view
of H.E.S.S. or extending even further, even though the possible need to adjust the
background normalization of the individual runs in the run-wise method is still
problematic as this might lead to an over-estimation of the background. Second,
the template background methods developed so far, among other to avoid this
kind of problems, all rely on some sort of acceptance calculation. This acceptance
was mostly obtained using the radial or the 2D acceptance method. All of these
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methods have the problem that they smear out, or do not take completely into
account, field of view dependent changes in the acceptance. The run-wise simula-
tion method avoids this by generating the acceptance from the simulation which
should encompass field of view dependent changes of the acceptance.

However, all these optimizations come at some costs. Beside the normalization
issue discussed before, the generation of the background model and the acceptance
relies on the simulation of gamma rays. This relies on two assumptions: first that
the simulated gamma rays represent real gamma rays well enough, i.e., that the
simulation is realistic, and second that gamma-like events are gamma-like enough
to be represented by true gamma rays, modulo the corrections discussed in section
5.5. That these assumptions are well justified has been shown in the same section
by looking at OFF-runs and showing that using the run-wise simulation-based
background models for the background subtraction on empty fields leads only
to background systematics of 2 % in average. This shows that this background
subtraction method works and so that simulated gamma rays describe the gamma-
like background well enough for the background subtraction to work within the
given systematic uncertainties.



Chapter 6

Interstellar diffuse emission in the
Large Magellanic Cloud

After having discussed a novel run-wise simulation and template fitting based
analysis method well suited in the search for extended emission in the previous
chapter, this chapter discusses its application to interstellar diffuse emission in the
Large Magellanic Cloud. Beside the main target, the Large Magellanic Cloud, I
introduce the Small Magellanic Cloud as second potential target for the search for
interstellar diffuse emission. Additionally, I use deep-exposure targets without any
expected significant extended emission, namely Centaurus A and NGC 253 for a
further qualification of systematic uncertainties.

I start this chapter by describing the used regions of interest and data in detail
and discuss the motivation for their selection. Then, I describe the systematics
studies performed for the validation of the method at deep exposure performed
on Centaurus A and NGC 253. Finally, I discuss the analysis results obtained
on the LMC and SMC and possible physical interpretations for the excess seen
in the LMC. A comparison of the results obtained on the LMC using this novel
analysis method and a standard ring background subtraction method can be found
in appendix B.

6.1 Characterization and particularities of the used
datasets

The main region of interest in this analysis was the Large Magellanic Cloud from
which extended emission is expected. An additional region of interest is the
Small Magellanic Cloud in which interstellar diffuse emission is also expected,
even though at a lower level, and less extended than in the LMC. This dataset is
therefore included in the present analysis. Both of these galaxies are extensively
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described in section 5.2. In addition, two other regions are used in this analysis:
Centaurus A and NGC 253. Centaurus A (Cen A) is an active galactic nucleus
in an elliptic galaxy called NGC‘5128 and it has been first seen with H.E.S.S. in
2009 [160]. Jets from this source have been detected in radio and X-ray and the
source itself in the 90s in MeV and GeV energies by CGRO. In 2020, H.E.S.S. could
also show that the very-high-energy emission is extended on very small scales and
so that it can resolve the inner jet [161]. NGC 253 is a so-called starburst galaxy,
i.e., a galaxy in which there is star formation in a very localized region with a very
high gas density, usually in the centre of the galaxy [52]. This very high-density
gas also leads to a high supernova explosion rate and so to the acceleration of
cosmic rays and subsequently gamma rays. It has been first detected by H.E.S.S.
in 2009 [162]. The idea of these last two datasets was to use them as an additional
cross check of the method and an additional handle to systematic uncertainties in
deep exposure datasets from regions without expected extended emission. For this
systematic study, regions in which there are no sources would have been prefer-
able, however deep exposure datasets are necessary to assess systematics which
might be hidden by statistical variations in lower exposure datasets. Yet, due to
the limited available observation time, it is not viable to observe empty sky for
hundreds of hours with H.E.S.S. and observations of detected sources where deep
observations were undertaken had to be used for this systematic study. For this
reason, Cen A and NGC 253 were selected for this systematic study as both of
them have been deeply observed, they are not in a crowded field with numerous
sources and are not expected to have strong very extended emission at H.E.S.S.
sensitive energies, even though some emission from the jets cannot be excluded for
Cen A.

As discussed in chapter 2, the H.E.S.S. telescope array has undergone mul-
tiple hardware changes over its almost 20 years of operation. It started as a
four-telescope system to which a larger fifth telescope was added in 2012. In ad-
dition, the cameras of these two different telescope types have both been changed
at different times (2014 and 2019), leading to four different phases of H.E.S.S.
operation with different hardware configurations. Additionally, there are observa-
tions in which not all telescopes participate, mostly due to unavailabilities of one
or more telescopes due to technical problems or because observation goals can be
best achieved with one particular telescope type (the larger CT5 telescope is for
example best suited for low energy observations). This leads to even more differ-
ent configurations in which H.E.S.S. data has been taken. Differences between the
behaviour of run-wise simulations and observation background would in principle
needed to be checked for all of these configurations and different zenith angle and
radial correction models would have to be generated for each of them. In addition,
each of them might introduce its own systematic uncertainties. For this reason, I
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performed the very first analysis using this novel method using only one telescope
and camera configuration: I used only runs taken with exactly the four HESS-I
telescopes with their initial cameras, which comprises most of the data taken on
the regions of interest between 2003 and 2012 and most of the data between 2012
and 2015 taken without CT5.

In addition to this configuration-based selection, I applied quality cuts to the
data in order to select runs taken under good sky conditions and without techni-
cal problems that cannot be reproduced by the run-wise simulation. This quality
cuts are applied on a run-by-run basis within H.E.S.S., so no runs are partially
accepted. These cuts which are here discussed in more detail are summarized in
table 6.1. First of all, the H.E.S.S. quality cuts for standard HESS-I analyses were
applied. These standard cuts consist first of all of a minimum run duration of
5 min to have a sensible number of events in the run and a maximum duration of
100 min. Then, there are limits on the array trigger rate and their stability as well
as on the individual telescope trigger rate stability as unexpected trigger rates are
a strong indication for problematic runs: A too low trigger rate often indicates
bad meteorological conditions leading to fewer recorded events, a too high trigger
rates means that there are more events than expected indicating that H.E.S.S. is
not only triggering on the expected cosmic events but might be strongly impacted
by parasitic light sources. Instabilities in the trigger rate might be an indication
for clouds moving in and out. In addition to this trigger rate problems being an
indication for bad meteorological conditions, they might also be due to technical
problems in one or several of the telescopes or the array system. Then, the meteo-
rological conditions at the H.E.S.S. site are constantly monitored with radiometers
mounted on each of the HESS-I telescopes which give an indication for cloud cover-
age and a relative humidity detector. Cuts are also applied on these measurements
to avoid a too high cloud coverage or a too high humidity. Then, runs are rejected
if the measured star positions (through night sky background) do not match the
expected ones as this is an indication for mis-pointings or if there are more than
15 % of broken pixels in at least two telescopes. In addition to these standard cuts,
additional cuts adapted to this run-wise analysis method were defined. The mini-
mum run duration was increased to 20 min to have a high enough event statistics
in each run to properly fit the background normalizations. Then, the requirements
on the radiometer were increased from one to three telescopes to make sure the
meteorological conditions are good and there are no clouds moving in the field
of view of only some telescopes as run-wise simulations cannot reproduce covered
sky whose impact cannot be solely described by the radiometer values. Limits
are not only imposed anymore on the array trigger rate but also on the telescope
trigger rate and a limit on the transparency coefficient is set again to ensure good
atmospheric quality. As discussed before, two different radial correction models
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Cut variable Selection cut
Telescope configuration Exactly 4 HESS-I telescopes
Camera configuration Initial HESS-I cameras
Run duration 20 min to 100 min
Central Trigger
Zenith angle corrected trigger rate 100 Hz to 600 Hz
Trigger stability ≤ 10 %
2-fold live time fraction ≥ 80 %
Individual Telescope Triggers (fulfilled in ≥ 3 telescopes)
Zenith angle corrected telescope trigger rate 100 Hz to 300 Hz
Telescope trigger stability ≤ 10 %
Dead time fraction ≤ 15 %
Radiometer conditions (fulfilled in ≥ 3 telescopes)
Radiometer status Working properly
Radiometer temperature −999 ◦C to −20 ◦C
Radiometer stability ≤ 3 ◦C RMS
Relative humidity ≤ 90 %
Transparency coefficient ≥ 0.8
Indication for mispointings from stars in the field of view
(fulfilled in ≥ 3 telescopes if stars are in the field of view)
Displacement of stars from nominal position

in x-direction −100′′ to 100′′

in y-direction −100′′ to 100′′

Rotation of stars with respect
to nominal positions −10◦ to 10◦

Broken pixel fraction (in ≥ 3 telescopes) ≤ 15 %
Zenith angle range

Cen A & NGC 253 5◦ to 40◦

LMC & SMC (all runs fullfilling cut) 40◦ to 60◦

Table 6.1: This table shows a summary of all the selection cuts used for the selection
of runs used in the diffuse analysis.
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Figure 6.1: Example of multiple adjacent broken drawers making part of a camera
participating in a given run non-operational and so to events hitting this part of the
cameras not to be recorded. These runs have been excluded for this reason.

were used, one valid for zenith angle below 40◦ and one for zenith angles between
40◦ and 60◦. As the Magellanic Clouds can only be observed at high zenith angles
due to their position on the sky, I used the high zenith angle models for those
sources. On the other hand, Cen A and NGC 253 can be observed at lower zenith
angle and as lower zenith angle observations are preferred due to the lower impact
of atmospheric absorption, they have been mostly observed at lower zenith angle.
For this reason, I had to use the high zenith angle radial corrections for these two
sources and set a maximum zenith angle cut of 40◦ to exclude the very few runs of
Cen A taken at higher zenith angle (which were not numerous enough to allow for
an own analysis at high zenith angle). That the datasets used for the systematic
study use a different radial correction model than the dataset in which extended
emission is searched for is not optimal as the radial correction model might also
introduce its own systematic uncertainties which are not the same for the different
models due to their difference in zenith angle1. This is however unavoidable since
no other sources at high zenith angle have been observed as deeply as LMC and
SMC. In addition to these zenith angle cuts an additional minimum zenith angle
cut of 5◦ has been set, because the background models are so far generated for the
run-averaged azimuth angle and the azimuth varies too fast for runs taken close
to azimuth.

Even though defining this run selection criteria allows to exclude problematic
runs, not all problems within a run can be completely automatically detected.
Among other, accumulations of multiple broken pixels (or rather of multiple draw-
ers of broken pixels) can be problematic as this leads to a whole part of the camera
being unusable and so events hitting that part of the camera not being detected

1It is worth to note that this would persist even using only one radial correction model, as it
would still not be possible to test it at deep exposure at high zenith angle with the Cen A and
NGC 253 data.
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Figure 6.2: Different patterns on the broken pixel and bad pedestal displays observed
in one camera in single runs which led to the exclusion of the respective runs.

Figure 6.3: Examples of runs excluded due to pathological centre of gravity maps.
Left: Deficit of events from two line-like regions in the sky. Right: Hotspot at the
edge of the centre of gravity map.

whereas the same number of broken pixels distributed more regularly over the
camera would be less problematic. For this reason, runs which had multiple ad-
jacent broken drawers in one of the cameras, as was for example the case for the
run shown in figure 6.1, have been excluded based on manual inspection. Other
runs showed pattern on the broken pixel or the bad pedestal display in one of the
cameras as illustrated in figure 6.2. These runs as well as one run for which the
pedestal was bad in one whole camera were excluded too.

In addition to the broken pixel and bad pedestal displays, the so-called centre
of gravity maps, which show the distribution of the centre of gravity of all the
individual events in a given run in a 2D plot, can deliver hints to calibration
issues. They can be both produced in the camera frame and as a projection on
the sky, which is the one I am interested in here. The left of figure 6.3 shows such
a centre of gravity map. One can see that it is mostly radially symmetric, except
for two lines which much fewer events, meaning that there are two lines on the
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Number of Exposure Masked known
selected runs accumulated around sources

Mostly around the central position N 157B,
of the map, i.e., around the region 30 Dor C,

LMC 230 of SN1987A, N 157B and 30 Dor C N 132D
Some exposure accumulated further &

away from this position LMC P3
Three different No known

SMC 42 pointings H.E.S.S. sources
across SMC in SMC

All runs centred on Cen A Cen A &
Cen A 349 except comparatively 1ES 1312-423,

small wobble offset a blazar
NGC 253 237 Centred on NGC 253 NGC 253

except wobble offset

Table 6.2: Number of selected runs, description of region around which exposure
is accumulated and known H.E.S.S. sources which have been masked for the four
considered datasets.

sky from where much fewer events have been recorded. These lines are usually
due to broken pixels, however no broken pixels have been detected at the relevant
position in the camera and this might be an indication that not all broken pixels
have been detected automatically. Nonetheless, this feature is highly problematic
as it means that there are missing events from some directions of the sky and for
this reason the runs showing it have been excluded. Other runs show a hotspot in
the centre of gravity maps of one camera as illustrated on the right of figure 6.3.
This might indicate a noisy pixel recording too high intensities and so dragging
the centre of gravity to its position. For this reason, these runs have also been
excluded.

These were all the problems which could be identified by manual investigation
at the calibration plots of the individual runs and so all the other runs passing the
selection criteria defined before were retained for the main analysis.

The number of retained runs applying the selection criteria discussed above, the
region around which the exposure has been accumulated, and the known H.E.S.S.
sources (which are not included in the analysis and have been masked with a mask
of radius 0.3◦ as described in section 5.6) are discussed in table 6.2. The total
accumulated exposure in these runs and the disposition of the masks to mask the
known sources is shown in figure 6.4. No plot showing the masks for the SMC is
shown as there are no masks in the SMC region of interest due to the absence of
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LMC SMC Cen A NGC 253
Total number of runs 1629 918 766 587

on source
Total number of 4-telescope 474 239 477 481

HESS-I runs
Total number of 4-telescope

HESS-I runs fulfilling 382 166 428 426
standard cuts

Number of runs failing:
Minimum run duration cut 22 12 26 29

Minimum radiometer stability cut 13 2 6 2
Minimum transparency coefficient cut 0 30 6 35
Corrected telescope trigger rate cut 113 80 7 52

Zenith angle cut 0 0 12 66
Manual inspection 4 0 22 5
Remaining runs 230 42 349 237

Table 6.3: Table summarising the total number of runs taken on a target, the number
of four-telescope runs taken in the HESS-I era on a target and the number of these
runs fulfilling the standard cuts for the four regions of interest. Then, the number of
runs failing each additional cut and the number of runs failing manual inspection are
indicated, and finally the remaining number of runs after selection for each dataset.
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Figure 6.4: Total exposure and disposition of the masks to mask the known sources for
the different datasets. Top: LMC. Left: Total exposure of the 230 used runs. Right:
Disposition of the masks. The 4 known sources N 157B, 30 Dor C, N 132D and LMC
P3 are masked even though there are only 3 masks which is due to N 157B and 30 Dor
C being so close that they are behind one big mask. 2nd line: SMC. Total exposure
of the 42 used runs. As there are no known sources for SMC, no masks have been
defined for the SMC dataset. 3rd line: Cen A. Left: Total exposure of the 349 used
runs. Right: Disposition of the masks. The 2 known sources Cen A and 1ES 1312-423
are masked. 4th line: NGC 253. Left: Total exposure of the 237 used runs. Right:
The mask masking NGC 253, only known source in the region of interest.
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Figure 6.5: Counts maps of Cen A (left) and NGC 253 (right). The colour scale
indicates the number of counts in each bin.

any known source.

The effect of the different cuts as well as the restriction to four-telescope runs
taken with the initial HESS-I cameras is illustrated in table 6.3. The first thing to
note is that only 29 % of the runs taken on the LMC have the right camera con-
figuration and that adapting the procedure to other camera configurations would
lead to a big increase in statistics. This increase in statistics will even grow as
H.E.S.S. is still taking data on the LMC with the current camera configuration.
However, as mentioned earlier, for this first analysis of LMC data with this novel
method, only one camera configuration was used in order to reduce systematic
uncertainties. Secondly, the cuts used in this analysis are rather strict to have a
good control over the systematics. For LMC for instance, only 49 % of the runs
survive the quality cuts, however, 19 % are already removed by standard cuts. For
NGC 253, the picture is similar whereas for Cen A 73 % of the runs survive the run
selection. The situation looks particularly bad for SMC, where only 18 % of the
runs survive cuts (however 31 % of the runs are already removed by the standard
selection). This might be due to the runs on SMC having been taken under worse
weather conditions than usual. In order to increase statistics an adaptation of the
cuts and a study on how this impacts systematic uncertainties would be necessary.
As the main focus of this work is however on LMC, I did not do this to keep
the systematics on this source as low as possible and not to have different event
selections for different regions of interest.
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Figure 6.6: Exclusion regions defined in the different background subtraction proce-
dures. Top left: Cen A, Method C. Top right: NGC 253, Method C. Bottom left:
Cen A, Method D. Bottom right: NGC 253, Method D.

6.2 Systematics study on sources without any ex-
pected extended emission

As discussed in the previous section, the Cen A and NGC 253 datasets were used
for a further assessment of the systematic uncertainties of the novel method used
in this work in deep exposure datasets. The counts map obtained for both of these
sources on the dataset described in the previous subsection are shown in figure 6.5.
Both counts maps follow very much the exposure maps as would be expected for a
background-only observation. The exceptions to this are the known central sources
Cen A and NGC 253 which are clearly visible on the centre of the counts map as
much more counts are recorded from their direction than would be expected from
a background-only contribution. 1ES 1312-423, which is in a much lower exposure
region for the selected dataset, on the other hand cannot be seen directly on the
Cen A counts map.
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Then, I applied the four different background subtraction procedures described
in section 5.6, so once I directly subtracted the background models created from the
run-wise simulations (with just refitting the overall background normalization and
keeping the relative normalizations between runs constant) (Method A) and three
times I refit and then subtracted the background normalizations of each individual
run, once over the whole region of interest (Method B), once using significance-
based exclusion regions (Method C ) and once using residuals over background-
based exclusion regions (Method D) as summarized in table 5.1. The exclusion
masks used to fit the background normalizations for the two later background
subtraction methods can be seen in figure 6.6. One can see that whereas the
exclusion regions in Method C exclude a big part of the two regions of interest, the
exclusion regions in Method D exclude nothing for Cen A (one can only see the two
masked sources) and some parts of the edge of the region of interest for NGC 253.
As there are no additional masks for this background subtraction method for
Cen A, it leads to exactly the same results as Method B and for this reason, for
Cen A only the results for the three other background subtraction methods are
shown in the following. Concerning Method C, even though a big part of the region
of interest is excluded, there is also still an ample part not excluded, and so none of
the runs was problematic concerning the remaining number of events to determine
the background normalizations.

The residual maps after background subtraction for Method A and Method B
are shown for both sources in figure 6.7. One can see that most of the counts
which can be seen on the Counts maps in figure 6.5 can be attributed to the
background model as the range of the colour scale (indicating the difference in the
number of counts from different parts of the region of interest) is reduced by an
order of magnitude. The remaining residuals are extremely similar for the four
different background subtraction methods for Cen A as well as for NGC 253, and
any difference can hardly be seen by eye. This is illustrated here for two of the
methods. I do not show the other methods due to the similarity of the residual
maps and so I only show the two methods with the most different residual maps.
This shows that the relative normalizations are very well predicted by the run-wise
simulations after applying the zenith and radial corrections, so that a refitting of
these relative normalizations does not lead to a sensible difference in the residuals.

This leads to the question how close to 1 the individual fit relative and the
overall background normalizations are for the four methods. For Method A, the
fit overall normalization was 1.02 for Cen A and 0.98 for NGC 253, showing that
the predicted overall background normalization is off by only 2 % for both of these
sources. The background normalizations fit on a run-by-run basis for Method B
are shown on the top of figure 6.8. If the spread in this background normalizations
between individual runs only comes from statistical variations (which is a rough
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Figure 6.7: Residual maps after background subtraction with masked sources. The
colour scale indicates the number of counts in each bin. Top left: Cen A using Method
A. Top right: NGC 253 using Method A. Bottom left: Cen A using Method B. Bottom
right: Cen A using Method B.
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Figure 6.8: Fit background normalizations (on a run-by-run basis) of Cen A (left) and
NGC 253 (right). Top: Method B. Centre: Method C. Bottom: Method D. Please
note the different scale due to the low background normalization tail of Cen A.
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simplification, there are indeed many systematics involved as discussed later on),
one would expect them to follow a Gaussian distribution. Fitting a Gaussian
to these background normalizations leads to a Gaussian with an average value
of 1.02 and 0.98 for Cen A and NGC 253 respectively and standard deviation
of 0.08 and 0.07 respectively. Whereas for NGC 253, all the normalizations are
close to the central values, the distribution of Cen A has a large tail due to few
individual runs with comparatively very low normalization. A closer investigation
on these runs looking again at the calibration diagnostics, recorded meteorological
conditions and array parameters did not show any particularities. As there is
no a priori reason to exclude these runs and the influence of this low number of
runs on the final result is very small, these runs were kept in the analysis even
though the best-fit background normalizations seem to be off from the run-wise
prediction. The best-fit background normalizations using Method C and D shown
on the bottom of figure 6.8 are similar to the ones fit over the entire field of view
and the tail in the distribution for Cen A is present here to. The only minor
difference in the distribution is that using Method C the average fit background
normalization is a bit closer to 1 being 1.01 for Cen A and 0.99 for NGC 253,
whereas the standard deviation is still very similar to before with 0.09 and 0.07
respectively. Using Method D, there is no difference for Cen A as this adds nothing
to the exclusion regions and also for NGC 253, the average and the standard
deviation of the distribution are the same (within the 3 significant figures used
here) than without exclusion regions as could have been expected from the very
small additional exclusion regions at the edge. This shows that for all the methods
for both sources, the average best-fit background normalizations only differ by 2 %
from 1 and have a small spread. In addition, it also shows that the results do not
depend a lot on the used method in the absence of any excess.

Having discussed the background normalizations, let us come back to the anal-
ysis results using the four background subtraction methods. The significance maps
after this background subtraction, computed using the Li & Ma significance calcu-
lation presented in subsection 2.5.3 with a top-hat convolution kernel with a size
of 3 pixels (each pixel having a side length of 0.1◦), are shown for both sources
in figure 6.9. Overall, the significance maps show a very good agreement and the
differences discussed in the following are only minor. For Method A, the Cen A
map seems to tend more towards positive significances whereas the NGC 253 map
seems to tend more towards negative significances, as would have been expected
from the fit background normalizations. On the Cen A map, there seems to be
a non-significant excess which agrees well with the orientation of the jet whereas
there is a deficit in the NGC 253 map in which goes below −5 sigma. However,
these Li & Ma significance maps computed significances assume only statistical
variations. They do not account for systematic uncertainties, which are higher in
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Figure 6.9: Li & Ma significance map using a top-hat convolution kernel with a size
of 3 pixels (each pixel having a side length 0.1◦) after background subtraction with
masked sources, left for Cen A and right for NGC 253. Top: Method A. 2nd line:
Method B. 3rd line: Method C. 4th line: Method D. For Method D, only the results
for NGC 253 are shown, as Method D leads to exactly the same results as Method B
for Cen A (see main text).
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Figure 6.10: Li & Ma significance distribution over the entire region of interest (except
for the masked sources), left for Cen A and right for NGC 253. Top: Method A. 2nd

line: Method B. 3rd line: Method C. 4th line: Method D.
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these deep exposure analyses than in most H.E.S.S. analyses performed with lower
exposure. These systematic uncertainties are discussed more in detail later in this
section. In Method B, the significance maps are centred on 0 and the variation
over the region of interest is a bit lower, but the excesses and deficits stay at the
same location as expected as all the observations considered in this analysis have
a similar pointing position. In Method C and D, the significance maps are cen-
tred between these two cases which can be understood because the most extreme
excesses and deficits are masked. However, overall, the location and morphology
of the seen excesses and deficits stay the same. The distribution of the signifi-
cances in the individual pixels is shown for the different models in figure 6.10. For
an empty field of view with only statistical uncertainties the distributions should
follow a Gaussian with mean 0 (no overall excess or deficit) and standard devia-
tion 1. However, one can notice again that in Method A the average is shifted by
about 1 sigma from 0, whereas it is very close to 0 in Method B. This illustrates
again that Method A might lead to a systematic small under- or overestimation
of the background normalizations depending on the field of view. However, this
does not mean that Method B performs better, at least for non-empty regions
of interest, as also parts of an extended physical excess might then be fit by the
background. The average values of the Gaussian fit to the significance distribution
using Method C and D are again between −0.60 and 0.52 and are much closer to
0 than for Method A – especially when using Method D. This shows that Method
D allows to counter-balance the under- and overestimation of the background nor-
malizations while being less impacted by a potential inclusion of signal into the
background model during the fit. Then, the standard deviation is much larger
than 1 for all the distributions shown here (between 1.34 and 1.65 as can be seen
on the figure), which is an indication for the presence of systematic uncertainties
leading to local high or low significance regions. This standard deviation is the
largest for Method A.

A further indication for systematic uncertainties is the deficit in the NGC 253
maps (as seen on figure 6.9) indicating that they are above the level of statistical
uncertainties as the deficit is very significant. In addition, it is also present in all of
the sub-datasets when dividing the whole dataset in four equally sized sub-datasets
of about 50 runs. This makes it very unlikely that a few pathological runs are at
the origin of this deficit. These systematic uncertainties need to be quantified in
order to exclude that any potential excess is only due to systematics.

For doing this, I first discuss the involved quantities as in [163]. In each region
M inside the region of interest a given number of counts CM has been recorded
and there is a background prediction BM for this region. Due to the statistical and
systematic uncertainties, CM and BM are not equal. One can define the residuals
RM = CM − BM . The systematic uncertainties considered here are due to the
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background models not perfectly representing the actual data. One can introduce a
relative systematic uncertainty factor fM which accounts for the difference between
the hypothetical perfect background model Btrue,M and the actual background
model BM : Btrue,M = (1 + fM)BM . As the systematic uncertainty is not constant
over the region of interest, the value fM depends on the selected region M . The
distribution of fM values over the whole field of view has then an average f and a
root mean square RMS(f). The average f is, except for statistical variations, 0 by
construction when fitting the background normalizations. The root mean square
RMS(f) on the other hand quantifies the fluctuation of f in the field of view and
so contains information about the systematic uncertainty over the whole field of
view.

The RMS(f) is estimated following a method developed by Markus Holler [163].
This method relies on the assumption that all pixels are free from any gamma-ray
emission and correspond only to background. The counts CM in a region M are
then Poisson distributed with expectation value and variance:

E(CM) = Var(CM) = Btrue,M = (1 + fM)BM . (6.1)

Using that RM = CM − BM and assuming that BM is not subject to statistical
variations one gets for the residuals:

E(RM) = fMBM (6.2)√
Var(RM) =

√
Var(CM) =

√
1 + fm

√
BM . (6.3)

As f is 0 by construction, typically fM << 1 and so
√

Var(RM) ≈
√
BM . Using

this and equation 6.2:

E(RM)

Var(RM)
≈ E(RM)

BM

=
fMBM

BM

= fM . (6.4)

This means that for a given realization, the value of RM/BM is statistically scat-
tered around fM by:

σstat

(
RM

BM

)
=

√
Var(RM)

BM

=
1√
BM

. (6.5)

The systematics level is then assessed by selecting a set of nM regions randomly
distributed in the region of interest for which the systematics level is to be de-
termined and computing RM/BM for each of these realizations. As RM/BM is
statistically scattered around the systematics level fM for each region M , the
probability density function of the realization of RM/BM is represented by a nor-
malized Gaussian with average approximately µM = fM and standard deviation



176 CHAPTER 6. INTERSTELLAR DIFFUSE EMISSION IN THE LMC

Figure 6.11: Residuals over background map for Cen A using Method A.

σM = 1/
√
BM (according to equation 6.5):

PDF(x, fM) =
1√

2π/BM

exp

(
−(x− fM)2

2/BM

)
, (6.6)

where x represents the possible values for RM/BM and BM is computed from the
considered region. For all samples, the probability density function is then the
superposition of the probability density functions of the individual regions:

PDF(x, fsys) =

nM∑
M=0

PDF(x, fM), (6.7)

leading to a so-called kernel density estimation. This probability density function
then provides a reference to which the measured RM/BM distribution is com-
pared to, which is done by computing the sum of the squared differences of the
distribution on an evaluation grid.

The distribution of fM is not fully known: the average f is known, except for
statistical variations. It is 0 when the normalizations are fit. σf , the value of choice
to characterize the systematics level, is unknown. For this reason, σf is sampled to
find its optimum value, i.e., the value which leads to the best agreement between
the measured and reconstructed distribution of RM/BM (using the least square
minimization on an evaluation grid as mentioned before).

I used this procedure to estimate the systematics level in the regions of inter-
est after background subtraction assuming that there is no gamma-ray emission
coming from these regions (except from the known sources which have also been
masked for this systematics estimation). For this estimation, 5000 sample regions
of a radius of 0.25◦ inside a radius of 2.5◦ around the centre of the region of interest
are selected. The resulting residuals over background map is shown as example
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Figure 6.12: Estimation of systematic uncertainties by adjusting the actual residuals
over background distribution with a kernel density estimation for different systematic
levels, as example for Cen A using Method A. Blue: Actual distribution of residuals
over background in the 5000 sample regions. Green: Kernel density estimation with
best-fit σf . Orange: Kernel density estimation with σf = 0 for reference (and using
the average background instead of the background of the individual regions).

for Cen A for Method A in figure 6.11. Then, the residual counts divided by the
background counts in each of these 5000 regions is filled in a histogram, leading to
the blue histogram in figure 6.12. The resulting distribution is then adjusted with
a kernel density estimation as discussed before, leading to the green distribution on
the same figure. The orange distribution shows the optimal kernel density distri-
bution with no systematic uncertainties for reference. The best-fit σf equals then
0.011 in this case which quantifies the fluctuation of the systematic uncertainty
factor in the field of view and is the value used to characterize the systematic un-
certainty here. So, there is a systematic uncertainty of 1.1 % in the Cen A region
of interest using Method A.

In the same way, I deduced the systematic uncertainties for the other config-
urations, leading to a systematic uncertainty of 1.1 % for Cen A for all methods,
2.4 % for NGC 253 for Method A and 2.1 % or 2.2 % for NGC 253 using the other
methods. The slightly lower systematic uncertainties when using Method B, C
or D can be explained by these uncertainties being reduced to some extent when
fitting the normalizations. More interestingly, the systematic uncertainties are
much higher for NGC 253 than for Cen A. However, the systematic are expected
not to be necessarily the same for all fields of view (as observation conditions can
differ between fields of view) and such a behaviour could already be seen when dis-
cussing the systematics in lower exposure regions in section 5.5. Overall, the level
of systematics is also for NGC 253 not higher than for other sources with lower
exposure on which the method was tested. It is just the deep exposure which
makes them look more significant on the significance map which only accounts
for statistical uncertainties. However, the much lower systematic level for Cen A
whose computation assumes the absence of any gamma-ray emission indicates that
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there is no significant excess in this region of interest. So, the excess on the Cen A
significance map in figure 6.9 which agrees with the orientation of the jet is clearly
non-significant and much lower than the potential level of systematic uncertainties.

As discussed previously in section 5.6, the next step of the analysis would be
to fit any potential excess with a Gaussian component to characterize it better.
As explained, this Gaussian component is supposed to represent the emission mor-
phology and so folded with the IRFs and exposure. Even though there is no hint
for extended emission in these two datasets, this procedure was followed to per-
form exactly the same procedure on this dataset used to quantify the systematic
uncertainties than on the actual datasets on LMC and SMC. As discussed before,
there is no energy information in the background model and for this reason the
spectrum was fixed to a power-law with photon index 2, leading to four remaining
free parameters: the two position coordinates, the extension and the amplitude of
the Gaussian component. For the same reason, the analysis is performed in one
big energy bin spanning from 300 GeV to 10 TeV. This one energy bin is not only
used for the counts and background maps, but also to describe the exposure. This
makes any amplitude prediction (using this integrated exposure directly) highly
unreliable as the difference in exposure with energy is not at all considered any
more, even more so after stacking numerous runs taken under different observa-
tion conditions and so with very different energy dependences. A more involved
amplitude determination using a forward folding method under different photon
index assumptions taking into account the energy dependence of the exposure,
point spread function and energy dispersion on a run-by-run basis is presented in
the physical interpretation of the results. For now, I do not quote the amplitude
and indicate the ratio of counts in the Gaussian component to the total number
of counts instead.

The resulting Gaussian parameters (except for the amplitude), the fit overall
background normalizations (when adding the Gaussian component to the fit), the
difference in the TS value and statistical significance when adding a Gaussian com-
ponent to the fit compared to the fit without a Gaussian component and the ratio
of the counts in the fit Gaussian component compared to the total counts in the
whole region of interest are shown in table 6.4 for the seven configurations. The
position and extension of the Gaussian component agree very well independent
of the method of background subtraction for both sources, showing that the four
background subtraction methods lead to similar morphological results. Consid-
ering the fit overall background normalization, the difference in TS compared to
the fit in the same configuration without the Gaussian component and the ratio
of the counts in the fit Gaussian component compared to the total counts in the
whole region of interest, the differences between the four background subtraction
methods are larger. Indeed, the ratio of total counts in the Gaussian component
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Source Cen A NGC 253
Method A B/D C A B C D

Fit overall
bkg norm 1.01 0.99 1.01 0.94 0.97 0.96 0.97

Fit parameters of Gaussian
Right ascension [◦] 201.4 201.3 201.3 11.60 11.62 11.65 11.62
Declination [◦] -44.05 -44.05 -44.06 -24.08 -24.10 -24.05 -24.03
Extension [◦] 0.6920 0.6487 0.6487 1.633 1.540 1.608 1.638
∆TS w.r.t. fit

without Gaussian 31.74 27.58 28.79 66.83 40.70 44.20 45.01
Statistical significance

of Gaussian 5.2σ 4.8σ 4.9σ 7.9σ 6.0σ 6.3σ 6.4σ
Ratio of counts
in Gaussian [%] 0.73 0.63 0.66 3.85 2.80 3.05 3.11

Table 6.4: Fit overall background normalization, fit Gaussian parameters, improvement
in TS and statistical significance with respect to the fit without a Gaussian component
and ratio of total counts in the Gaussian component after adding a Gaussian component
to the fit for the four configurations for Cen A and NGC 253.

and the difference in TS are larger in Method A than in Method B. This can be
explained by the fact that there is already a readjustment before the Gaussian fit
when refitting the background normalizations which partially removes potential
excesses and so reduces the excess fit by the Gaussian component. However, as
these excesses are non-physical, but part of the systematics, this is not a problem
at this stage. And again, in Method C and D, the resulting values are between the
ones obtained from the two other methods, however closer to the ones obtained in
Method B, showing that these non-physical excesses are also reduced a lot when
using exclusion regions while fitting the background normalizations, even though
slightly less than when not doing so.

When comparing the resulting fit components for both sources, one sees that
the Gaussian fit to NGC 253 seems to be much more significant (from the TS
value) and has a much bigger ratio of counts. However, whereas for Cen A there is
an excess in the significance map, there is a deficit for NGC 253. As the Gaussian
amplitude was constrained to positive values (as there cannot be a physical mean-
ingful deficit), this leads to the Gaussian component being very large and covering
almost the whole region of interest for NGC 253 and following the exposure map,
except for it being shifted a bit away from the deficit. This is illustrated in figure
6.13 where the counts in the Gaussian component are shown for both sources.
Again, due to the similarity of the maps for the different background subtraction
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Figure 6.13: Map of counts in best-fit Gaussian. Top left: Cen A using Method A. Top
right: NGC 253 using Method A. Bottom left: Cen A using Method B. Bottom right:
NGC 253 using Method B. A side-by-side comparison of these plots and the residual
maps after background subtraction shown in figure 6.7 can be found in appendix A.



6.3. ANALYSIS RESULTS 181

methods, only the maps with the most and least significant Gaussian component
are shown. The constraining of the amplitude to positive values in combination
with the observed deficit is also the reason why the extension is much larger for the
Gaussian component in the NGC 253 region of interest and almost as large as the
maximum radial offset of the individual observations and why the fit background
normalizations are so low. Indeed, the Gaussian fits part of the background and so
hides the deficit instead of fitting a potential excess, reason for which the Gaussian
was introduced into the fit. One could in principle try to solve this problematic
behaviour by constraining parameters in the fit such as the extension of the Gaus-
sian, so that it is not possible for it to fit the background instead of an excess, or
by completely fixing the background normalizations to the output value form the
run-wise simulations. However, as there is no hint for interstellar diffuse emission
in the NGC 253 significance map and for regions of interest with a localized clear
excess such a constraining is not necessary, this was also not done here. The main
conclusion from this is that it is possible that the Gaussian fits the background
instead of an excess which might lead to a big part of the counts being in the
background model and also to a quite strong improvement in TS. However, the
potential presence of this problem can easily be spotted by the big extension of the
Gaussian compared to the size of the region of interest and the strong reduction
of the overall fit background normalization.

The remaining residuals after the fit of the Gaussian and of the overall back-
ground normalization are shown in figure 6.14, again only for the two most extreme
cases due to the similarity of the maps. As expected, the residuals are lower after
the addition of a Gaussian to the fit and so adding further degrees of freedom, but
the effect is comparatively small.

6.3 Analysis results

This section concentrates on the datasets in which an actual search for extended
emission was performed. It first discusses the LMC and then the SMC.

6.3.1 LMC

The counts map obtained for the LMC on the dataset described previously is
shown in figure 6.15. As expected, it follows very much the exposure maps, even
though the low exposure region can barely be seen due to a different scaling. The
exception to this is the brightest source in the LMC, N 157B which stands out on
the counts map as much more counts are recorded from its direction than would
be expected from a background-only contribution. The fainter sources 30 Dor C,
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Figure 6.14: Residual maps after fit of one Gaussian component and of the overall
background normalization with masked sources. The colour scale indicates the number
of counts in each bin. Top left: Cen A using Method A. Top right: NGC 253 using
Method A. Bottom left: Cen A using Method B. Bottom right: Cen A using Method
B.

Figure 6.15: Counts map of LMC. The colour scale indicates the number of counts in
each bin.
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Figure 6.16: Exclusion regions defined in the different background subtraction proce-
dures for LMC. Left: Method C. Right: Method D.

N 132D and LMC P3, which are also partly in lower exposure regions cannot be
seen by eye on this counts map.

Then, I applied the four different background subtraction procedures described
in section 5.6 summarized in table 5.1. The exclusion masks used to fit the back-
ground normalizations for Method C and D can be seen in figure 6.16. In contrast
to Cen A and NGC 253, both exclusion masks cover a larger part of the region
of interest. However, none of the fields of view is entirely covered and there are
enough events left in each run to fit the individual background normalizations.
Whereas for Method C, the exclusion region covers a similar part of the region of
interest than for Cen A and NGC 253, it covers a much bigger part of the region of
interest for Method D for LMC than for the other two sources. This indicates that
there are more counts left per exposure after background subtraction for LMC,
which is either due to a higher systematics level (which was already comparatively
very high for NGC 253 as discussed before) or a signal beside background. This
is discussed in more detail in the remainder of this subsection including all the
analysis results.

The residual maps after this background subtraction are shown in figure 6.17.
As before, only two maps are shown due to the similarity of all the maps. Again,
most of the counts which can be seen on the Counts maps in figure 6.15, can be
attributed to the background model as the range of the colour scale (indicating the
difference in the number of counts from different parts of the region of interest) is
reduced by an order of magnitude. However, this time there is a region where the
residuals tend to positive values and they are mostly negative in the remainder of
the region of interest (as expected as the total should sum up to approximately 0),
which constitutes a first indication for an excess. These positive values are mostly
concentrated around the central source N 157B and extending towards N 132D.
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Figure 6.17: Residual maps after background subtraction with masked sources for
LMC. The colour scale indicates the number of counts in each bin. Left: Method A.
Right: Method B.

Figure 6.18: Fit background normalizations of LMC. Top left: Method B. Top right:
Method C. Bottom: Method D.
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There are even more indications for this excess when looking at the fit back-
ground normalizations. Indeed, for Method A, the overall fit background nor-
malization was 1.06. The fit background normalization of the individual runs
are shown in figure 6.18 for Method B, C and D. Fitting a Gaussian to these
background distributions leads to a Gaussian with an average value of 1.06 and
a standard deviation of 0.08 for Method B, with an average value of 1.01 and a
standard deviation of 0.10 for Method C and with an average value of 1.02 and
a standard deviation of 0.09 for Method D. Unlike for the systematic studies dis-
cussed previously, the average fit normalization value using exclusion regions (i.e.,
Method C and D) is much closer to 1 (i.e., the normalization predicted by the run-
wise simulations) than to the average one obtained from Method B. This indicates
that the background level is correctly reproduced outside the exclusion regions
and that the underlying excess is probably to an additional, extended component.
In addition, there seems to be barely any excess in the non-masked part of the
region of interest as the fit background normalizations when using Method C and
D are much closer to 1. The excess instead goes as for Method A in the overall fit
background normalization as this fit is done over the entire region of interest (ex-
cept for the masked sources). This leads to an overall background normalization
of 1.05 using Method C and of 1.04 when using Method D. This is to be compared
to the obtained 1.00 when using Method B (as was expected as the fit goes in this
case exactly over the same region over which the individual normalizations have
been determined), showing that indeed almost the entire excess gets masked by
the exclusion regions. Looking at the shape of the distributions, they look quite
Gaussian around the respective central values even though there are again some
outliers with lower normalizations. This is especially the case when using Method
B, however this is due to not all runs having the same pointing directions and so
some of the runs not covering the excess and so expected to contribute to a Gaus-
sian with an average around 1 whereas the runs covering the excess are expected
to contribute to a Gaussian with a higher average. The standard deviations of the
three distributions are very similar and similar to the values obtained for Cen A
and NGC 253.

Let me now come to the analysis results using the four background subtraction
methods. The significance maps after this background subtraction computed in the
same way as before are shown in figure 6.19. Here, unlike for the residual maps
shown before, the overall background normalization has not yet been adjusted,
and one can see a strong excess. Contrary to Cen A or NGC 253, the difference in
the significance maps of the different methods can immediately be seen. First of
all, the scales are different: The significance map of Method B goes from −6 to 7
sigma whereas the one forMethod A goes from −3 to 11 and the other two methods
are again between these two extremes. This was already seen in the background
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Figure 6.19: Li & Ma significance map of LMC using a top-hat convolution kernel with
a size of 3 pixels (each pixel having a side length of 0.1◦) after background subtraction
with masked sources. Top left: Method A. Top right: Method B. Bottom left: Method
C. Bottom right: Method D.
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normalizations discussed before and can be explained by any excess leading to an
overestimation of the background normalizations when fitting these background
normalizations over a region containing this excess. This is also the reason for
the holes in the significance which appear for Method B and for the much flatter
map over the whole region of interest as the background normalizations are just
overestimated in the pointing directions containing the excess and so making the
excess less significant compared to statistical or systematic variations. The other
three maps look much more similar, even though the scales are different. The
map obtained using Method A shows the highest significances. However, as shown
before on Cen A and NGC 253 when looking at the significance distributions,
using Method A might lead to a small systematic under- or overestimation of the
background normalizations which is minimized when using Method D. This might
be the case here as the significances are slightly higher for Method A than for
Method D and between these both cases for Method C. However, this difference
might also be due to the exclusion region being too small and the cut too loose.
Nevertheless, all four methods deliver a significance map which shows a strong
excess which very similar observed morphologies.

The significance maps for the four sources LMC, SMC (which is discussed in
the following subsection), Cen A and NGC 253 fitting the background normaliza-
tions using Method D can be seen on the same scale in figure 6.20 to illustrate
how much stronger the excess in the LMC is compared to the small non-physical
deficits and excesses seen on Cen A and NGC 253. Method D has been chosen for
this comparison as it is not impacted by the overestimation of the background nor-
malization leading to holes in the significance map as Method B, it is less impacted
by potential systematic uncertainties in the background normalization obtained
from the run-wise simulations as Method A (as could be seen on the Cen A and
NGC 253 dataset) and is less impacted by different exposures as Method C. It so
seems to be the most robust method for extended excesses (as the one seen for
LMC) as long as the exclusion regions do not cover so much of the field of view
that there are no events left for determining the background normalizations. It
will so be used throughout this thesis when only results of one method are shown.
However, it is still worth to compare the analysis results of all four methods to
spot any potentially unwanted behaviour (such as very different morphologies in
the significant map).

The distribution of the significances in the different pixels for the different
methods is shown in figure 6.21. It is clearly visible that these distributions do
not follow a Gaussian, but have a long tail towards positive values up to almost 10
sigma or more (except for the distribution from Method B) displacing the average
significance towards positive values and leading to a higher standard deviation.
As expected from the best-fit overall background normalizations (discussed earlier
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Figure 6.20: Li & Ma significance map using a top-hat convolution kernel with a size
of 3 pixels after background subtraction using Method D. Top left: LMC. Top right:
SMC. Bottom left: Cen A. Bottom right: NGC 253
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Figure 6.21: Li & Ma significance distribution of LMC over the entire region of interest
(except for the masked sources). Top left: Method A. Top right: Method B. Bottom
left: Method C. Bottom right: Method D. As can be seen by the fit, the distributions
do not agree weel with a Gaussian.
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in the paragraph discussing figure 6.18), the average significance is the highest for
Method A, than for Method C and afterwards for Method D. For the significance
distribution obtained for Method B, the significance distribution reaches as ex-
pected only much lower values going up to 7.5 sigma. However, there still clearly
is a non-Gaussian tail indicating an excess.

After having discussed numerous indications for an excess, this paragraph dis-
cusses the overall "systematics" level using the method described in section 6.2.
However, as there are indications for an excess present in the region over which
this "systematics" level is determined, it is here rather the level of non-statistical
variations as it includes any potential signal. This was not the case for Cen A
and NGC 253 as the basic assumption for this systematic study was that there is
no signal (outside of the masked sources). For this reason, I call the systematics
level from now on level of non-statistical variations, even though I still determine
it in the same way. This paragraph compares the overall level of statistical varia-
tions to the one obtained on Cen A and NGC 253 and the expected level from the
systematics studies. The obtained level of non-statistical variations was between
3.6 % and 3.8 % for all background subtraction methods. This is much higher than
the 1.1 % for Cen A or the 2.1 % to 2.4 % for NGC 253 and also much higher than
the systematics level found in the systematics studies. This is a strong indication
for the excess not being just due to systematics as the evaluation of the level of
non-statistical variations leads to a much higher level than the sytematics level
seen in other regions of interest, but indeed a physical excess. This all the more,
since the systematics level expected from the run-wise background models is not
expected to depend on field of view conditions such as night sky background.

Before coming to the fit of a Gaussian component to this excess, I present
one more validation check. Indeed, the data on the LMC presented in this study
has been taken at very different pointing positions. If the excess is physical each
pointing position should contribute to this excess at the same sky position. For
this reason, the dataset has been subdivided in four individual regions and each
run has been attributed to one of these regions depending on its pointing position:

• The first subset contains all the runs with a right ascension of 85◦ or more,
45 runs in total.

• The second subset contains all the runs with a right ascension of 83◦ or more
and less than 85◦ and a declination of −69.5◦ or more, 41 runs in total.

• The third subset contains all the runs with a right ascension of 83◦ or more
and less than 85◦ and a declination of less than −69.5◦, 76 runs in total.

• The fourth subset contains all the runs with a right ascension of less than
83◦, 68 runs in total.
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Figure 6.22: Subdivision of the LMC dataset in different sub-datasets according to the
pointing position. Left: Exposure map. Right: Li & Ma significance map (computed
as before using Method D). Top: The 45 runs with RA ≥85◦. 2nd line: The 41 runs
with 83◦≤RA<85◦ and DEC≥−69.5◦. 3rd line: The 76 runs with 83◦≤RA<85◦ and
DEC<−69.5◦. 4th line: The 68 runs with RA<83◦. The main differences between the
different exposure maps is that the exposure is shifted in the region of interest. The
four sub-datasets are completely independent as can be seen from their definition.
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The exposure maps and Li & Ma significance maps (derived using Method D) of all
these individual sub-datasets can be seen in figure 6.22. Even though the region
in which the excess is seen is at very different positions in the camera, one sees
an excess in this region for all four fields of view. This constitutes an additional
confirmation that the excess is robust and not only due to camera field of view
systematics.

However, one can also see that the morphology of the excess looks slightly
different on the different maps. This is on the one hand due to the different
exposure. Among other the exposure is very low at right ascensions below the
mask covering N 132D for the first two cases, and so it is impossible to see the
excess which is seen there for the latter two cases. But on the other hand, part of
it might also be due to statistical variations and systematic uncertainties. Among
other, the maximum significance is higher for the first case than for the third and
fourth case even though the exposure in the region of the excess is higher for these
two cases which might be well explained by these uncertainties.

This difference in apparent morphology due to exposure also illustrates how
the exposure limits the analysis results. Indeed, whereas on the two upper plots
the exposure prevents us from seeing any potential excess right of N 132D which
there are indications for on the two bottom maps, on the two bottom plots the
excess also seems to extend to the edge of the exposure region (neglecting the
very low exposure region on the bottom plot). This means that the edge of the
significant excess I see is not necessarily because the physical emission component
only extends to this region, but might also be due to lack of exposure at lower
right ascension. This might be resolved by homogenising the exposure over a
bigger region in future analysis as is be discussed in chapter 7.

After having discussed these individual regions, let me come to the addition of
a Gaussian component to the fit to do a very basic characterization of the excess.
As there is no energy information in the background models the spectrum was
again fixed with a power-law with photon index 2, leading to four free parameters:
the two position coordinates, the extension and the amplitude of the Gaussian
component. However, as before the amplitude prediction computed this way is
very unreliable and for this reason not quoted here but the one computed using a
forward folding method is discussed later on.

The resulting Gaussian parameters, the fit overall background normalizations
(when adding the Gaussian component to the fit), the difference in the TS value
and statistical significance when adding a Gaussian component to the fit compared
to the fit without a Gaussian component and the ratio of the counts in the fit
Gaussian component compared to the total counts in the whole region of interest
are shown in table 6.5 for the four configurations. Again, the position and extension
of the Gaussian agree very well, independently of the background subtraction
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Source LMC
Method A B C D

Fit overall background normalization 1.01 0.96 1.00 1.00
Fit parameters of Gaussian

Right ascension [◦] 81.42 81.64 81.81 81.49
Declination [◦] -69.83 -69.81 -69.87 -69.77
Extension [◦] 0.9939 0.9778 1.019 0.8925

∆TS w.r.t. fit without Gaussian 203.95 196.22 204.44 170.60
Statistical significance of Gaussian 14.1σ 13.8σ 14.1σ 12.9σ

Ratio of total counts in Gaussian [%] 3.98 3.96 4.27 3.27

Table 6.5: Fit overall background normalization, fit Gaussian parameters, improvement
in TS and statistical significance with respect to the fit without a Gaussian component
and ratio of total counts in the Gaussian component after adding a Gaussian component
to the fit for the four configurations for LMC.

method, even though the differences are as expected a bit larger than for Cen A
and NGC 253, and so the four methods lead to similar morphological results. For
the fit overall background normalization, the difference in TS and the ratio of
counts in the Gaussian, the differences are larger again. For the ratio of the counts
in the Gaussian the values are between 3.27 and 4.27, with the lowest and the
highest ratio obtained by the two methods fitting the background normalizations
using exclusion regions (i.e., Method D and C respectively), which is very different
from what was seen for Cen A and NGC 253. The same tendency is seen for the
TS differences.Looking at the overall background normalizations, they are 1.00
when using the background normalization fitting method with exclusion regions
(Method C and D) showing that the Gaussian accounts for the excess in the
exclusion regions (unmasked for the fit of the Gaussian component and the overall
background) so that no adaptation of the overall background normalization is
necessary. For Method A, the overall fit background is 1.01 which is an indication
for a slight overestimation of the background normalizations which was also seen
in some cases in the systematic studies. For Method B, the overall fit background
normalization is 0.96, showing that the contribution of the Gaussian component
has been fit by background normalizations in the first step using this method.
So, summarising the results from the four methods, all four methods lead to a
Gaussian at an approximate right ascension of 81.5◦ and declination of −69.8◦ with
an approximate extension of 1◦, a ratio of counts compared to the total number of
counts in the region of interest between 3.27 and 4.27 and a change in TS between
170 and 205. Using that four degrees of freedom are added when adding the
Gaussian component, this is equivalent to a statistical significance between 12σ



194 CHAPTER 6. INTERSTELLAR DIFFUSE EMISSION IN THE LMC

Figure 6.23: Map of counts in best-fit Gaussian component for LMC. Left: Method
A. Right: Method B. A side-by-side comparison of these plots and the residual maps
after background subtraction shown in figure 6.17 can be found in appendix A.

Figure 6.24: Residual maps of LMC after fit of one Gaussian component and the
overall background normalization with masked sources. The colour scale indicates the
number of counts in each bin. Left: Method A. Right: Method B.

and 15σ. However, beside the statistical uncertainties, there are the systematic
uncertainties which need to be taken into account which led to significances of up
to 8σ on the NGC 253 region of interest when adding a Gaussian component.

The counts in the best-fit Gaussian are shown in the maps in figure 6.23. One
can see again how well the position and extension of the best-fit component agree
for the different background subtractions (illustrated here for two of them) and
that unlike for NGC 253, the best-fit Gaussian does not extend over the entire
region of interest and so is not fitting the large-scale background instead of a more
localized excess.

The remaining residuals after the subtraction of the fit Gaussian and the overall
background normalization are shown in figure 6.24, again only for the two most
extreme cases due to the similarity of the maps. This time, the residuals are much
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Figure 6.25: Li & Ma significance map of LMC after fit of one Gaussian component
and the overall background normalization. Top left: Method A. Top right: Method B.
Bottom left: Method C. Bottom right: Method D.
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Figure 6.26: Li & Ma significance distribution of LMC over the entire region of interest
(except for the masked sources) after fit of one Gaussian component and the overall
background normalization. Top left: Method A. Top right: Method B. Bottom left:
Method C. Bottom right: Method D.
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lower than before the addition of the Gaussian and the region with the excess is not
present anymore showing that it has been effectively reproduced by the Gaussian
component. This finding is confirmed by looking at the Li & Ma significance maps
after the subtraction of the Gaussian which are shown in figure 6.25 for the four
background subtraction methods. The region where the significant excess has been
seen before is not sticking out anymore and there is no indication for any significant
excess anymore. The significance range has been reduced and the maps are much
flatter than before. This is further confirmed by the significance distribution on
figure 6.26, which are much narrower than without the Gaussian and have now
similar or even slightly smaller widths than for Cen A and NGC 253. There is
though a low exposure region at low right ascension which seems to be slightly
brighter. However, this is well in agreement with systematic or even statistical
uncertainties especially after the subtraction of a Gaussian. So, the Gaussian
is describing the excess well enough so that no significant excess is left after its
subtraction. In addition, the remaining significance maps agree very well for the
four background subtraction methods.

As there is no a priori reason for the excess to be symmetric and it looks more
extended in right ascension than in declination on the significance maps before the
subtraction of the Gaussian component in figure 6.19, I performed the same fit
with an asymmetric Gaussian component to see whether it performs better (us-
ing the same spectrum as for the symmetric Gaussian component). The resulting
best-fit parameters, the fit overall background normalization, the difference in TS
value and statistical significance when using an asymmetric Gaussian component
compared to the fit with a symmetric Gaussian component and to the fit without
any Gaussian component and the ratio of counts in the asymmetric Gaussian com-
ponent compared to the total number of counts in the whole region of interest are
shown in table 6.6 for the four background subtraction methods. The declination
and lengths of the major axes agree really well again, however the found best-fit
right ascensions show now larger differences, but the values agree still within 1◦.
The best-fit eccentricity is between 0.89 and 0.93 for the four background subtrac-
tion methods, showing that the best-fit asymmetric Gaussian component is very
asymmetric. The orientation with respect to the right ascension axis is about 70◦

and so the asymmetric Gaussian component is as expected rather more extended
in right ascension which might also explain the higher variation of the best-fit posi-
tion in this direction. The use of an asymmetric Gaussian component instead of a
symmetric Gaussian component barely changes the overall fit background normal-
izations. It however leads again to a reduction of TS between 46 and 53. This is,
however, a smaller reduction of TS than was seen for NGC 253 in the systematics
study, which means that the preference of the asymmetric Gaussianc component
compared to the symmetric one might be due to systematic uncertainties. The use
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Source LMC
Method A B C D

Fit overall background normalization 1.01 0.96 1.00 1.00
Fit parameters of asymmetric Gaussian

Right ascension [◦] 80.28 81.26 81.39 80.74
Declination [◦] -69.55 -69.65 -69.69 -69.58

Semi-major axis [◦] 1.926 1.545 1.697 1.697
Semi-minor axis (derived) [◦] 0.741 0.703 0.737 0.670

Eccentricity 0.9230 0.8904 0.9009 0.9188
Orientation w.r.t. right ascension axis [◦] -69.38 -72.44 -72.05 -71.04

∆TS w.r.t. fit
with symmetric Gaussian 52.36 46.08 52.33 49.63

without Gaussian 256.31 242.30 256.77 220.23
Statistical significance of asymmetric Gaussian

w.r.t. symmetric Gaussian 7.0σ 6.6σ 7.0σ 6.9σ
w.r.t. without Gaussian 15.8σ 15.3σ 15.8σ 14.6σ
Ratio of total counts

in asymmetric Gaussian [%] 4.57 4.26 4.67 3.92

Table 6.6: Fit overall background normalization, fit parameters, improvement in TS
and statistical significance with respect to the fit with a symmetric Gaussian component
and with respect to the fit without a Gaussian component and ratio of total counts in
the asymmetric Gaussian component after adding an asymmetric Gaussian component
to the fit for the four configurations for LMC.
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Figure 6.27: Map of counts in best-fit asymmetric Gaussian for LMC. Left: Method
A. Right: Method B. A side-by-side comparison of these plots and the residual maps
after background subtraction shown in figure 6.17 can be found in appendix A.

of an asymmetric Gaussian component also increases the ratio of the counts in the
fit model for all the background subtraction methods which is now between 3.92
and 4.67. The lowest and the highest ratio are again obtained for the two different
background subtraction methods using exclusion regions.

In comparison to the results obtained using a symmetric Gaussian component,
the asymmetric Gaussian component leads to a lower right ascension (about 81◦

compared to 81.5◦), a slightly larger declination (−69.6◦ compared to −69.8◦)
and a larger extension (about 1.7◦ major axis and 0.7◦ minor axis compared to
1◦). However, due to the high eccentricity of the best-fit asymmetric Gaussian
component, such differences are to be expected.

The counts in the best-fit asymmetric Gaussian component are shown in the
maps in figure 6.27. One can see again how well the parameters agree for the
different background subtractions (illustrated for two of them on the figure). It is
also visible how asymmetric the Gaussian component is. Even though the nominal
extension of the Gaussian component is now larger, it is clearly visible that the
Gaussian component does not extend over almost the entire field of view, unlike
for NGC 253.

The Li & Ma significance maps after the subtraction of the asymmetric Gaus-
sian component are shown in figure 6.28. Again, the significance maps for the
four background subtraction methods are very similar. Around the region where
the asymmetric Gaussian component has been fit, the maps are even flatter than
for the fit of the symmetric Gaussian component. Indeed, the holes in the sig-
nificance map are less deep and the positive significances are even lower in this
region. The significance distributions on figure 6.29 are even narrower than for
the fit of the Gaussian and clearly narrower than for Cen A and NGC 253. This
makes some of the regions far away from the asymmetric Gaussian component
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Figure 6.28: Li & Ma significance map of LMC after fit of an asymmetric Gaussian
component and the overall background normalization. Top left: Method A. Top right:
Method B. Bottom left: Method C. Bottom right: Method D.
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Figure 6.29: Li & Ma significance distribution of LMC over the entire region of interest
(except for the masked sources) after fit of an asymetric Gaussian component and the
overall background normalization. Top left: Method A. Top right: Method B. Bottom
left: Method C. Bottom right: Method D.
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Figure 6.30: Counts map of SMC. The colour scale indicates the number of counts in
each bin.

stick more out, in particular the one at low right ascension and high declination.
Indeed, there are higher significances in this region now than in the region close
to the fit component. Locally even 6 sigma are reached, which is a larger excess
than the deficit seen in the NGC 253 region of interest, which was observed with
much deeper exposure. However, here the overall background normalizations are
fit including the asymmetric Gaussian component which could in principle lead to
a small underestimation of the counts in the background. In addition, the compar-
atively high significances are in a very low exposure region, with only very few runs
contributing, meaning that potentially non-optimal observation conditions which
were not noticed during the run selection could have a very big impact in these
positions. For this reason, the exposure in this study in this region is not high
enough to discern whether any of this high significance regions shows indications
for a physical excess. However, this shows that it is worth reinvestigating the LMC
with a more homogeneous exposure, one of the legacy projects discussed within
H.E.S.S.

6.3.2 SMC

The counts map obtained for the SMC on the dataset described previously is
shown in figure 6.30. It also follows very much the exposure maps and there is
no indication for a point-like source, as expected as no point-like source has been
detected so far with H.E.S.S. with a much larger dataset. The map for SMC is
also noisier which is due to the much smaller dataset compared to the other three
sources.

I again applied the four different background subtraction procedures. The
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Figure 6.31: Exclusion regions defined in the different background subtraction proce-
dures for SMC. Left: Method A. Right: Method B.

Figure 6.32: Residual maps after background subtraction for SMC. The colour scale
indicates the number of counts in each bin. Left: Method A. Right: Method B.

exclusion masks for the Method C and D are shown in figure 6.31. This time, the
exclusion masks cover a smaller fraction of the region of interest than for LMC
and unlike for Cen A and NGC 253, it Method D which covers a larger fraction
of the region of interest. This is also due to the lower exposure as the statistical
variations in the residuals over background map are reduced with exposure whereas
they stay the same in the significance map.

The residual maps after this background subtraction are shown in figure 6.32.
Most of the counts which can be seen on the counts map in figure 6.30, can again
be attributed to the background model as the range of the colour scale (indicating
the difference in the number of counts from different parts of the region of interest)
is reduced by an order of magnitude. The residuals are much flatter than for the
LMC and similarly flat than for Cen A and NGC 253. There seems to be a small
excess towards the left, but it is impossible to say whether it is significant only
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Figure 6.33: Fit background normalizations of SMC. Top left: Method B. Top right:
Method C. Bottom: Method D.

from the residuals. However, before discussing any possible excess on a more
suitable map, such as the significance map, let me first come to the background
normalizations. The overall fit background normalization in Method A was 1.03,
which is slightly further from 1 than what was seen for Cen A and NGC 253, but
definitely lower than the one of LMC. However, this small difference compared
to the systematic studies could also be explained by the lower exposure. The fit
background normalizations of the individual runs forMethod B, C and D are shown
in figure 6.33. They look much noisier, due to the much lower number of runs in
the SMC dataset. Fitting a Gaussian to these distributions leads to a Gaussian
with average value 1.03, 1.02 and 1.01 for Method B, C and D respectively and
a standard deviation of 0.07 for all the three methods. Unlike for LMC the fit
background normalizations are much closer to each other and to 1 again as it was
the case for Cen A and NGC 253. The standard deviation, which is the same for
all three methods, again has a similar size than for the three other sources. This
is an indication that the background model reproduces the data well, without the
need for an extended component.
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Figure 6.34: Li & Ma significance map of SMC using a top-hat convolution kernel with
a size of 3 pixels (each pixel having a side length of 0.1◦) after background subtraction.
Top left: Method A. Top right: Method B. Bottom left: Method C. Bottom right:
Method D.
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Figure 6.35: Li & Ma significance distribution of SMC over the entire region of interest.
Top left: Method A. Top right: Method B. Bottom left: Method C. Bottom right:
Method D.
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The significance maps for the four different background subtraction methods
computed in the same way as before are shown in figure 6.34. The significance
maps look very similar for the four methods and are all rather flat, even though
again the map obtained with Method A is a bit less flat. There is no sign for any
excess above statistical variations. The significance maps are also very centred
on 0 showing no hint for an overall under- or overestimation of the background
normalizations as was seen for Cen A and NGC 253, for much deeper exposure
datasers however. These findings are confirmed by the significance distributions
in the different pixels for the different models shown in figure 6.35. They are very
Gaussian with a mean between 0.03 and 0.41 which is much closer to 0 than the
means seen for Cen A and NGC 253 and even the more compared to the one
seen for LMC and a standard deviation very close to 1 being 1.15 for Method A
and even closer to 1 for the other methods with values between 1.05 and 1.06.
This shows that there is no hint for any excess (or deficit) in this comparatively
small dataset. Both the means and the standard deviation are much closer to the
expected value than for the three other sources which is partly probably also due
to the comparatively very low exposure. Comparing the individual distributions
for SMC, one can see again the typical behaviour that the mean is the furthest
away from 0 for Method A and the closest to 0 for Method B.

The overall level of non-statistical variations for SMC was evaluated using
the method described in the systematics study section (6.2). The level of non-
statistical variations is 3.4 % for Method A, 3.5 % for Method B, 2.8 % for Method
C and 2.9 % for Method D. The difference between the different methods is higher
this time than for the other three sources and the level of non-statistical seems
to be higher for Method A and B than for Method C and D. This might on the
one hand be due to the background normalizations not being adjusted as well to
the data especially when using Method A, but on the other hand also due to the
lower exposure which leads to more noisy counts and residual maps and might
make the resulting estimated level of non-statistical variations more dependent on
the exact configuration and choice of the 5000 regions. Additionally, the level of
non-statistical variations is much higher than for Cen A (1.1 %) and NGC 253
(2.1 % to 2.4 %) and almost reaching the level of LMC (3.6 % to 3.8 %). This
either means that SMC is a region of interest with a particular high systematics
level or that it is not an empty region of interest that there is physical emission
in the region of interest. The latter is well possible since as discussed previously,
interstellar diffuse emission or emission from unresolved sources might well occur
in the SMC and so emission would not be unexpected, and this emission might
lead to an apparent higher level of non-statistical variations before being clearly
visible in the significance maps, especially for such low exposure as considered here.
The first would mean that the systematics level on SMC is higher than expected
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Source SMC
Method A B C D

Fit overall background normalization 0.99 0.99 1.00 1.00
Fit parameters of Gaussian

Right ascension [◦] 16.23 13.76 14.02 15.15
Declination [◦] -73.17 -73.23 -73.22 -73.29
Extension [◦] 1.145 0.7156 0.7419 0.9193

∆TS w. r. t. fit without Gaussian 44.20 14.04 14.87 18.97
Statistical significance of Gaussian 6.3σ 3.1σ 3.2σ 3.8σ

Ratio of total counts in Gaussian [%] 3.22 1.22 1.30 1.72

Table 6.7: Fit overall background normalization, fit Gaussian parameters, improvement
in TS and statistical significance with respect to the fit without a Gaussian component
and ratio of total counts in the Gaussian component after adding a Gaussian component
to the fit for the four configurations for SMC.

and might constitute a first hint for a higher systematics level at higher zenith
angle, and so the LMC level of non-statistical variations not being so much above
the expected maximum systematics level anymore. However, as it is completely
unclear whether there is any physical excess in the SMC region of interest such
a conclusion would be premature and further studies with deeper exposure are
necessary. It might as well be that this is the first indication for extended emission
in the SMC.

For consistency with the analysis of the other regions of interest, I now dis-
cuss the addition of a Gaussian component even though no significant excess has
been seen. The resulting Gaussian parameters, the fit overall background normal-
izations, the difference in TS and statistical significance when adding a Gaussian
component to the fit compared to the fit without Gaussian component and the
ratio of the counts in the fit Gaussian component compared to the total counts
in the whole region of interest are shown in table 6.7 for the four different back-
ground subtraction methods. This time the fit positions are fluctuating more and
also the extensions are quite different. Especially the right ascensions varies be-
tween 13.8◦ and 16.2◦ and so span a range of 2.4◦. The declinations agree more
being all between −73.3◦ and −73.1◦. The extensions show again more variations
being between 0.7◦ and 1.2◦. The reason for this very big difference between the
best-fit parameters for the different background subtraction methods will become
clearer when looking at the counts in the best-fit Gaussian component and will be
discussed when looking at these maps. The fit overall background normalizations
are very close to 1 for the four methods. This means that the difference in the
average background normalizations (1.00 for Method A and 1.03 for Method B)
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Figure 6.36: Map of counts in best-fit Gaussian for SMC. Top left: Method A. Top
right: Method B. Bottom left: Method C. Bottom right: Method D. A side-by-side
comparison of these plots (Method A and B) and the residual maps after background
subtraction shown in figure 6.32 can be found in appendix A.

after fitting the background normalizations of the individual runs in the different
methods are this time not equilibrated by the overall background normalizations,
unlike for the regions of interest previously considered. However, the difference is
small due to the difference in the average background normalizations only being
small. Looking at the TS values and the ratio of counts in the Gaussians, the dif-
ferences are this time really large between Method A and B. Indeed, the TS value
is 44 and the ratio of counts 3.22 for Method A compared to between 14 and 19
and between 1.22 and 1.72 for the other three methods. A similar behaviour was
seen for Cen A and NGC 253 even though not as extreme and could explained by
there already being a readjustment before the Gaussian fit when fitting the nor-
malizations which partially removes potential excesses. However, this behaviour
was not observed in the LMC region of interest, which could be because there the
Gaussian fits a physical excess, whereas in the other three regions of interest the
excess could be due to systematics.

The counts in the best-fit Gaussian component are shown in figure 6.36, this
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Figure 6.37: Residual maps of SMC after fit of one Gaussian component and the
overall background normalization with masked sources. The colour scale indicates the
number of counts in each bin. Left: Method A. Right: Method B.

time for all four background subtraction methods. These Gaussian components
do not look Gaussian at all, unlike what was seen for the other three regions of
interest. This is due to looking at the Gaussians in count space. Indeed, the
Gaussian is the assumption for the source morphology and how this Gaussian is
observed in counts space depends on the exposure on the individual parts of the
Gaussian. However, the very inhomogeneous exposure on the SMC (which was
shown in figure 6.4) leads to the original Gaussian distributions to be deformed to
the counts map seen here. The Gaussians look very bright in the central region with
high exposure and have some asymmetric contributions in lower exposure regions.
This also explains the very different best-fit right ascensions and extensions seen
for the different background subtraction methods. Looking at the extension of the
Gaussians, they are much smaller than for NGC 253 and so the Gaussians do not
extend over the entire region of excess and fit part of the background due to an
overall too low background normalization over the whole region of interest. So,
they describe a local component, which could however be due to systematics due
to the comparatively low overall TS value.

The remaining residuals after the fit of the Gaussian component and the overall
background normalization can be seen in figure 6.37. The maps look again very
similar for the four background subtraction methods. The residuals are reduced
compared to the fit without a Gaussian component, but not as much as for the
other regions of interest given them being already very flat in the fit without
Gaussian component.
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Figure 6.38: Best-fit components for LMC overlaid on the exposure map with masked
sources. Red stars: Known H.E.S.S sources. Red circles: Fermi components discussed
in section 5.2 obtained with the analytic model. Green component: Best-fit compo-
nent from Method A. Blue component: Best-fit component from Method B. Orange
component: Best-fit component Method C. Violet component: Best-fit component
from Method D. Left: Fitting a symmetric Gaussian component to the excess. Right:
Fitting an asymmetric Gaussian component to the excess.

6.4 Physical interpretation of the excess seen in
the Large Magellanic Cloud

After having discussed the four datasets and the results of the analysis on them,
it turns out that the only dataset in which significant emission, beside the one
from the known sources, can be seen is the Large Magellanic Cloud dataset. For
this reason, the results obtained from this dataset are discussed in more detail in
this section in order to get from a significant excess in a given region to a more
physical interpretation by interpreting its position and going from counts space to
flux space.

6.4.1 Position

First of all, I start by discussing the position of the observed excess. Figure 6.38
shows again the exposure in the LMC dataset used in this study. However, this
time the best-fit Gaussian Fermi -LAT components obtained with their analytic
model as discussed in section 5.2 are overlaid. It is immediately visible that the
exposure used in this analysis is very inhomogeneous across LMC. This is due to
most observations having been taken close to the known H.E.S.S. sources. Indeed,
most of the exposure is acquired in the lower left part of the map, leading to a
strong difference in exposure at the positions of the different Fermi -LAT compo-
nents. The exposure is very low at the positions of the component G4 (at low right
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ascension) and of component G3 (at high declination). And also, parts of the large
G1 component are at low exposure. G2 on the other hand is right at the centre
of the exposure, however a big part of it is covered by the masks on N 157B and
30 Dor C, which might reduce the sensitivity of my analysis to a component at
this position. Due to very different exposure, the sensitivity at the positions of the
different components varies a lot. Especially for the large component G1, it would
be possible to see only part of it with H.E.S.S. However, beside this difference in
sensitivity, H.E.S.S. is of course also sensitive to higher energies than Fermi -LAT,
and so the morphology and components can also be expected to be intrinsically
different.

In addition to the Fermi -LAT Gaussian components and the known H.E.S.S.
sources, the best-fit components found in the previous section are also overlaid,
once for the fit of a symmetric Gaussian component and once for the fit of an
asymmetric Gaussian component. This shows once more how well the morphology
of the components obtained with the different background subtraction methods
agree with each other. However, it also shows where the components lie with re-
spect to the acquired exposure. The components do not lie at the centre of the
exposure, but more displaced towards South-West. They extend towards very low
exposure regions, even more for the fit of the asymmetric Gaussian component.
This opens the question, raised already earlier, whether the edge of the high sig-
nificance region I see is really the edge of the physical emission or whether it is
just limited by very low exposure region. This question cannot be answered here,
one would need more data to cover the missing parts of LMC. For now, one needs
to take into account that the excess seen in this analysis might only be a part of
the physical component present in LMC.

The same Fermi -LAT and best-fit components are shown in figure 6.39 above
an optical sky map. Whereas the Fermi -LAT components cover the whole LMC,
the H.E.S.S. component seems to be more limited to a smaller region of the LMC.
As discussed before, this is among other due to the limited exposure in this analysis.
However, one can see that the H.E.S.S. component is spatially coincident with
the brightest part of LMC. This correlation can already be seen when fitting the
symmetric Gaussian component, but it is even more the case when fitting the
asymmetric Gaussian component.

This correlation with the brightest region of LMC leads to the question if there
is any correlation with night sky background. The night sky background seen by
H.E.S.S. can be estimated from the pedestal width [101]. The higher the night sky
background the wider the observation pedestals due to the statistical fluctuation
of the light seen from the night sky background. The night sky background rate
fNSB can then be estimated with the following formula:

fNSB =
√
RMS2

P −RMS2
0 − σ2

γe/τ, (6.8)
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Figure 6.39: Best-fit components for LMC over optical sky map. Red stars: Known
H.E.S.S sources. Red circles: Fermi components discussed in section 5.2 obtained
with the analytic model. Green component: Best-fit component from Method A.
Blue component: Best-fit component from Method B. Orange component: Best-fit
component Method C. Violet component: Best-fit component from Method D. Top:
Fitting a symmetric Gaussian component to the excess. Bottom: Fitting an asymmetric
Gaussian component to the excess. Retrieved from [164].
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Figure 6.40: Night sky background maps (left) and night sky background in pixels
(right) for LMC, SMC, Cen A and NGC 253 (from top to bottom).
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where RMSP is the width of the observation pedestal, RMS0 the width of the
electronic pedestal determined with closed camera lid in the shelter as described
in subsection 2.3.1, σγe the width of the single electron peak and τ the readout
window. Figure 6.40 shows the night sky background maps for the four analysed
sources as estimated from the high gain pedestal width and its distribution over
pixels. LMC and SMC indeed show extended brighter regions compared to Cen A
and NGC 253, where there are only localized bright spots corresponding to stars.
In addition, the brighter region in LMC coincides with the seen excess. However,
for SMC there is a similar high night sky background region where no excess can
be seen. In addition, the high night sky background region in LMC reaches values
of about 200 MHz, which is not particularly high as in the galactic plane night
sky backgrounds up to 300 MHz are frequently reached [113] and as discussed in
section 5.5, the night sky background is taken into account in the run-wise simula-
tions and almost no correlation between night sky background and the background
normalization could be found in the systematics study.

The brightest region of the LMC is also the region the most crowded with stars
and optical emissions, and so a region with high activity. This is also indicated by
the presence of already four gamma-ray sources in or very close to this region (N
157B, 30 Dor C, N 132D and PSR J0540-6919). So, it is not completely unexpected
that the cosmic-ray density might correlate with this region as cosmic-ray sources
often also produce gamma rays or photons in other energy bands. So, in the
following, I discuss other possible correlations of the seen excess with other features
of the LMC.

As mentioned earlier, interstellar diffuse emission is expected to be of either
hadronic or leptonic origin and a full leptonic origin of the components seen by
Fermi -LAT is difficult to accommodate with the absence of emission in other
spectral bands and the absence of a strong interstellar radiation field necessary
for Inverse Compton scattering. Hadronic diffuse emission though would not be
expected to be so much correlated with the light distribution inside a galaxy, but
rather with the gas distribution as hadronic diffuse emission is produced by the
interaction of cosmic rays with interstellar gas. For this reason, a neutral hydrogen
gas column density map of the LMC is shown in figure 6.41. This gas map has been
constructed from observation of the 21 cm emission line of neutral atomic hydrogen
in the radio band. It combines data from two radio experiments, namely data from
the multibeam receiver of the Parkes telescope in Australia, which is sensitive to
large scale structures, published in [165] and data from the Australia Telescope
Compact Array (ATCA) using the aperture synthesis technique, which is sensitive
to small structures, published in [166] in order to achieve an optimal sensitivity to
both small and large scales. These two datasets have then been merged in [167]
using a Fourier-plane technique to get the map shown on the figure.
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Figure 6.41: Neutral hydrogen column gas density map of LMC obtained in a combi-
nation [167] of Parkes [165] and ATCA [166] measurements of the 21 cm emission line
of hydrogen.
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Figure 6.42: Counts map of the best-fit emissivity component using Method D. Left:
Gaussian multiplied with neutral hydrogen column gas density map. Right: Asymmetric
Gaussian multiplied with neutral hydrogen column gas density map.

This gas map is also part of the Fermi -LAT emissivity model presented earlier
in section 5.2. Indeed, the gas map used to build-up the Fermi -LAT emissivity
model was a combination of a gas map from three different hydrogen species,
the atomic hydrogen, the molecular hydrogen and the ionized hydrogen. For the
atomic hydrogen, which makes up the major part of the gas in the LMC, they use
the same gas map as I show in figure 6.41 which encompasses the major part of
the gas in the LMC.

In the following, I follow a similar procedure as Fermi -LAT in their emissivity
model and convolve the gas map with a Gaussian (or an asymmetric Gaussian) by
multiplying the component with the gas column density in each pixel and then fit
this multiplied model to the observed LMC data. I still assume that the multiplied
component represents the emission morphology and thus fold this component with
the IRFs and the exposure. Under the assumption that the neutral hydrogen gas
distribution traces the total gas distribution and that interstellar diffuse emission is
produced in the interaction of this gas with the cosmic rays, the parameters of the
best-fit model then directly describe the emissivity, i.e., the gamma-ray emission
rate per hydrogen atom per unit energy per solid angle [129], from a given direction
on the sky and so give a direct handle to the cosmic ray distribution in the LMC.
This however neglects inhomogeneities in the gas and cosmic ray distribution over
the line of sight.

The resulting counts maps for the fit of such an emissivity component are shown
in figure 6.42, on the left for a symmetric Gaussian base model and on the right for
an asymmetric one. Here only the results from Method D are considered, as it is
not impacted by the overestimation of the background normalizations as Method
B and also not fully relying on the background normalizations from the run-wise
simulations and their systematic uncertainties as Method A. From the figure, it is
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Source LMC
Method D

Gaussian spatial model Symmetric Asym.
Fit overall background normalization 1.00 1.00

Fit parameters of model
Right ascension [◦] 80.96 80.72
Declination [◦] -69.82 -69.74

Extension / Semi-major axis [◦] 0.7634 0.8613
Semi-minor axis (derived) [◦] / 0.6624

Eccentricity / 0.6392
Orientation with respect to right ascension axis [◦] / -77.71

∆TS w.r.t. non-multiplied model 27.10 -16.18
Corresponding statistical significance 5.2σ 4.0σ worse

∆TS w.r.t. fit without any extended component 197.70 204.05
Corresponding statistical significance 13.9σ 14.0σ

Comparison to ∆TS of non-multiplied model
w.r.t. fit without any extended component 170.60 220.23

Corresponding statistical significance 12.9σ 14.6σ
Ratio of total counts in model [%] 3.17 3.03

Table 6.8: Fit results for the Gaussian and the asymmetric Gaussian multiplied with
the gas map: Fit overall background normalization, fit parameters, improvement or
degradation in TS and statistical significance with respect to the fit with the non-
multiplied Gaussian (or asymmetric Gaussian) and the fit without an extended model
and ratio of total counts in the model. In addition, the improvement in TS when
adding a simpler geometric component to the background-only fit which was already
indicated in table 6.5 and 6.6 is indicated for comparison.
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immediately visible that, as expected, the shape is much more irregular than for
the fit of a simpler geometric model. The difference in the counts map for using
a symmetric and an asymmetric Gaussian base model is also much less significant
than previously, as the Gaussian model has already gotten an extended shape
through its multiplication with the gas map. The actual fit overall background
normalization, parameters of the best-fit model, improvement or degradation of
TS and statistical significance with respect to the simpler geometric model not
multiplied with the gas map and the background-only fit and ratio of counts in
the model are shown in table 6.8. Comparing the best-fit parameters to the pa-
rameters found earlier when not multiplying with the gas map the best-fit position
of the Gaussian emissivity component is much closer to the value found for the
asymmetric Gaussian and the eccentricity for the asymmetric Gaussian is much
lower. This is due to the Gaussian component gaining some asymmetry when mul-
tiplying it with the gas map leading to the Gaussian emissivity component fit being
closer to the asymmetric Gaussian fit and the additional asymmetry needed for
the asymmetric Gaussian emissivity component being less. This lower eccentricity
for the asymmetric Gaussian emissivity component also has a direct impact on
the semi-major axis whose value is now much closer to the one of the semi-minor
axis. Comparing the TS value of the emissivity component with the one of the
simple component, one sees that there is a strong improvement of TS by 27.10
for the Gaussian component when going to the emissivity model whereas there is
a degradation by 16.18 for the asymmetric Gaussian component. This is due to
the difference in TS between the symmetric and asymmetric component fit being
only 14.35 when multiplying them with the gas map compared to 49.63 when not
multiplying them. So, multiplying with the gas map leads the symmetric Gaussian
to get an asymmetric shape and improves the fit, but deteriorates the fit for the
asymmetric Gaussian. The difference in TS with respect to a background-only
model is (as mentioned earlier) summarized in table 6.8.

Given the contradictory results for the symmetric and asymmetric Gaussian,
it is difficult to draw a conclusion on how well the interstellar diffuse emission is
correlated with the gas. On one side the gas map leads to the correct asymmetric
shape of the emission, on the other side it does not seem able to reproduce the
smaller structures better than a purely geometric model and a similar asymmetry
is also seen in the optical map of LMC and could so be a general feature not only
present in the gas map. In addition, the change in the TS value is not larger than
the change in TS found in the systematics studies, as was already the case for
the symmetric and asymmetric geometric Gaussian component. So, the preference
for any of the four models is not above the current systematics level of the used
run-wise simulation-based background subtraction.

The best-fit emissivity component is centred close to N 132D (which has a
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position of (81.26◦, −69.64◦)) [168], however as discussed earlier it is possible that
due to the very inhomogeneous exposure only part of the component is visible in
this analysis and that the component extends over a much larger part of LMC. For
this reason and also because the best-fit component is in a very crowded region,
it is hardly possible to identify the cosmic ray source(s) injecting the cosmic rays
producing the interstellar diffuse emission. This all the more, as I only identified
one extended component in this analysis which prevents a statistical analysis of
the presence of a certain source type in the components which has been tried in
the Fermi -LAT analysis.

However as discussed, it is not at all certain that the observed emission is of
hadronic origin. Indeed, the emission or part of it could well be of leptonic origin.
However, for the same reasons as before, it is difficult to find the source of injection
of these leptons. Moreover, leptonic interstellar diffuse emission is expected to be
more concentrated around the sources of leptons due to radiative losses and so less
correlated with the radiation field or gas density on larger scales. For that reason,
an emissivity approach as for the hadronic component does not make so much
sense as one would expect the emission to be more sensitive to the local variation
of the lepton density.

A completely different possibility would be that the extended emission seen
with H.E.S.S. is not originating from genuine interstellar diffuse emission, but due
to unresolved sources. However, unresolved sources are much more difficult to
model than a single Gaussian component as each unresolved source introduces at
least three new parameters. For this reason a rough estimate for the number of
necessary sources was made from the 68 % containment radius of a single point
source. This 68 % containment radius is less than 0.1◦ compared to an extension
of 0.89◦ for the best-fit Gaussian leads to the necessity of about 80 point-like
sources to cover the whole area of the Gaussian within its 1-sigma contour with
point-like sources assuming they only significantly contribute within their 68 %
containment radius. However, this first approximation neglects the contribution
of point-like sources outside of their 68 % containment radius, emission from the
known sources inside the Gaussian (N 132D, N 157B and 30 Dor C) which have
even more significant emission outside their 68 % containment radius and for N
132D are even inside the Gaussian, and that the Gaussian is only a best fit and so
parts of it might not have a significant signal. Nevertheless, it shows that at least
a two-digit number of sources is needed to describe the observed excess with point-
like sources. Considering extended unresolved sources would reduce the number
of needed sources, however this was not investigated further as it would make the
modelling even harder and it is also not possible to distinguish interstellar diffuse
emission from unresolved sources and so to decide on which extension to set the
boundary from the modelling alone.
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In conclusion of this discussion on the spatial position of the seen excess and
its potential origin, the very inhomogeneous exposure of the H.E.S.S. dataset used
in this analysis and the systematic uncertainties of the method, make it impossible
to conclude whether the observed excess is more likely to be of hadronic origin,
leptonic origin, due to unresolved sources or a combination of multiple of these
contributions. This said, the extension of the excess seems to make at least a
two-digit number of point-like sources, or extended sources, necessary to describe
it solely by unresolved sources. For the same reasons, any the spatial correlation
with sources injecting cosmic rays could also not been determined.

6.4.2 Flux

Forward folding method

I tried to compute the fluxes in the component using a forward folding method.
Indeed, as discussed earlier in section 5.5, there is no energy information in the
background models, and for this reason the spectral shape (including the photon
index) cannot be determined. For this reason, I first assume a spectral shape
for the best-fit spatial component, here power-law spectra with different photon
indices. Then, for each individual run, using the energy dependent point spread
function, a three-dimensional exposure map with 20 energy bins between 250 GeV
and 25 TeV on a logarithmic scale and a three-dimensional energy dispersion map
with the same energy binning, I compute the expected total number of counts in
the best-fit component for a given spectral model normalization. Afterwards, I
add the number of predicted counts over all the runs in the analysis. This leads to
a prediction of the expected number of counts for the given flux and the best-fit
spatial model. Scaling the flux normalization by the ratio of the predicted counts
by the counts in the best-fit model, leads then to a prediction of the flux in the
best-fit model under the assumed spectral model (Rule of three). I obtain an
estimation of the uncertainty on this flux from the uncertainty on the amplitude
obtained from the fit.

Cross Check on known sources

After having shown that there is no indication for extended emission in the Cen A
or NGC 253 region of interest, these regions are well suited to check if the flux
determination method allows to reconstruct fluxes of point sources correctly. In-
deed, if there is no extended emission, there is no risk of confusing flux from the
extended emission with flux from the source. In addition, it is easy to unmask
Cen A, 1ES 1312-423 and NGC 253 with leaving the other known H.E.S.S. sources
masked, which would not be possible for the overlapping sources N 157B and 30
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Figure 6.43: Left: Counts map of the Cen A region used for the fit and spectral
determination of Cen A and 1ES 1312-423. Centre: Best-fit model of Cen A. Right:
Best-fit model of 1ES 1312-423. The colour scale indicates the number of counts in
each bin.

Dor C. Cen A, 1ES 1312-423 and NGC 253 are so natural test beds for the spectral
determination method. As all of these sources are point sources, it is not necessary
to use such an extended sky map for the fit of the point-like source. This allowed
me to go to a less extended sky map with finer binning (0.02◦) for the second part
of the analysis and so to better take into account the extension of the H.E.S.S.
PSF in the sky map. For this comparison, I use Method D again. For the fit of
the background normalizations, I still use the same extended sky map with a 0.1◦

binning.
The sky map used for the determination of the best-fit component and the

spectrum of Cen A is shown on the left of figure 6.43. Except for the smaller
extension skymap in the second fit, the procedure is exactly the same as the one
used for the detection of extended emission earlier. Instead of a Gaussian model, I
used a point-like model for sources with three free parameters, namely the two po-
sition coordinates and the amplitude. For the fit of Cen A, I masked 1ES 1312-423
again. This led to the best-fit component shown on the centre of figure 6.43. The
best-fit right ascension was 201.370◦ and the best-fit declination −43.006◦, which
is in excellent agreement with the latest published H.E.S.S. values of 201.376◦ and
−43.004◦ [161]. Then, I forward-folded the power-law spectrum with a photon
index of 2.52 and a flux normalization of 1.49× 10−13 cm−2 s−1 TeV−1 at 1 TeV of
Cen A as found in [169] with the instrument response functions to get an expected
number of counts of 306.66 compared to 431.46 counts in the best-fit point-like
model. This means that the flux of Cen A is overestimated by 41 % using this
forward-folding method. From the fit results, the relative uncertainty on the
amplitude of the best-fit component is about 9 %, meaning that the systematic
discrepancy of 41 % indicates that there are systematic uncertainties above the
statistical uncertainty. These systematic uncertainties are discussed in more detail
after having discussed the results for the other sources. These results for all the
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Relative uncertainty on the amplitude Overestimation
from the best-fit component of flux

Cen A 9 % 41 %
1ES 1312-423 13 % 31 %
NGC 253 13 % 18 %
N 157B 15 % 14 %
N 132D 14 % 21 %

Table 6.9: Table summarizing the relative uncertainty from the best-fit component
and the systematic overestimation of the flux for the different point sources on which
the forward folding method has been tested.

Figure 6.44: Left: Counts map of the NGC 253 region used for the fit and spectral
determination of NGC 253. Right: Best-fit model of NGC 253.

considered sources are summarized in table 6.9.
I followed the same procedure for 1ES 1312-423 on the same region of inter-

est, this time with Cen A masked. This led to the best-fit component shown on
the right of figure 6.43. The best-fit right ascension was 198.776◦ and the best-
fit declination −42.617◦, which agrees within uncertainties with the values pub-
lished by H.E.S.S. in [170] of 198.744◦ and −42.597◦. Then again, I forward-folded
the power-law spectrum with a photon index of 2.85 and a flux normalization
of 1.89× 10−13 cm−2 s−1 TeV−1 at 1 TeV of 1ES 1312-423 as found in [170] with
the instrument response functions. This led to an expected number of counts of
128.53 compared to 168.04 counts in the best-fit point-like model. This means
that the flux of 1ES 1312-423 is overestimated by 31 % using this forward-folding
method. From the fit results, the relative uncertainty on the amplitude of the
best-fit component is about 13 %, and so the discrepancy is again much bigger
than the statistical uncertainty.

The sky map of the NGC 253 region used for the determination of the best-fit
component and the spectrum is shown on the left of figure 6.44. Then, I followed
again the same procedure as for Cen A and 1ES 1312-423, this time with no
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masked source as NGC 253 is the only known gamma-ray source in the region of
interest, to get the best-fit counts map shown on the right of figure 6.44. The best-
fit right ascension was 11.887◦ and the best-fit declination was −25.290◦, which
is in excellent agreement with the latest values published by H.E.S.S. in [52] of
11.886◦ and −25.290◦. I forward-folded the power-law spectrum with a photon
index of 2.39 and a flux normalization of 1.34× 10−13 cm−2 s−1 TeV−1 at 1 TeV
of NGC 253 as found in [52] with the instrument response functions. This led
to an expected number of counts of 190.66 compared to 225.84 counts in the
best-fit point-like model. This means that the flux of NGC 253 is overestimated
too using this forward-folding method, namely by 18 %. From the fit results, the
relative uncertainty on the amplitude of the best-fit component is 13 % and so the
discrepancy is again bigger than the statistical uncertainty, even though not so
much as in the Cen A region of interest.

As mentioned earlier in this subsection, the situation is much more complicated
in the LMC as there is expected to be interstellar diffuse emission and source
confusion between N 157B and 30 Dor C. This might lead to wrongly attribute
part of the flux to a wrong source and so to higher uncertainties. Nevertheless,
keeping only N 132D and LMC P3 masked and introducing a Gaussian model for
the extended emission and two point-like models for N 157B and 30 Dor C, and
using the same forward-folding procedure than before, leads to an over-estimation
by 14 % of the flux of N 157B. From the fit results, the relative uncertainty on the
amplitude of the best-fit component is about 15 %. Keeping N 157B, 30 Dor C
and LMC P3 masked and introducing a Gaussian model for the interstellar diffuse
emission, and using the same forward-folding procedure than before, leads to an
over-estimation by 21 % of the flux of N 132D. From the fit results the relative
uncertainty here is about 14 %.

So there seems to be a general tendency to over-estimate the flux using the
previously described forward-folding method as summarized again in table 6.9.
A similar behaviour has been seen in other run-wise analyses too, even when
using a different flux reconstruction method. This was traced back to a mismatch
between the effective areas obtained with classical Monte-Carlo simulations and
run-wise Monte-Carlo simulations of about 20 % whose origin is currently2 unclear
and under investigation. From the obtained fluxes for the known point sources,
it seems that this analysis is indeed impacted by this problem and so that the
reconstructed fluxes are systematically over-estimated.

However, beside this issue, I am here trying to assess the flux from one energy

2Currently here means at the time of finalizing the first version of this thesis manuscript in
October 2021. In the meantime, this issue has been further investigated and the mismatch has
been reduced to less than 10% [171]. The mismatch was mainly due to a double counting of dead
time in run-wise simulations. These recent new findings could unfortunately not be incorporated
in this thesis anymore.
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Figure 6.45: Counts map of LMC used for the flux determinations.

bin. This assumes that the run-wise simulations correctly describe the energy
dependence of the real background events with high accuracy and also that the
energy dependence of the instrument response functions are known very accurately.
Small differences can here have huge impacts as an inaccurate description in a
small energy range propagates to the whole energy range as there is no record
at which energies events have been recorded. For this reason, the creation of
energy-dependent background models from run-wise simulations is necessary to
get more reliable flux values and also an entire energy spectrum instead of the
flux normalization. This would also allow to test different spectral hypotheses,
discuss the photon indices and make more meaningful spectral comparisons with
experiments in other energy ranges such as Fermi -LAT as i discussed in chapter
7. This means that there might be additional systematic uncertainties beside the
20 % uncertainty seen in other analyses, as is already indicated by the Cen A result
where the over-estimation is more than this 20 %.

Results for Gaussian and asymmetric Gaussian component in LMC

I used this forward-folding method to estimate the fluxes in the best-fit components
on the LMC extended emission obtained from Method D. For consistency reason
with the point source cross-check, I did this again with a finer binning of the sky
map of 0.02◦, however using this time a sky map extended enough to encompass the
whole exposure. This sky map is shown in figure 6.45 and performing the fit based
on this counts map with new binning only slightly changed the values of the best-fit
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Photon Differential flux at 1 TeV and
index its uncertainty [10−12 cm−2 s−1 TeV−1]

Best-fit Gaussian Best-fit asymmetric Gaussian
2.0 13.1± 2.1 19.6± 3.4
2.2 14.5± 2.3 21.8± 3.8
2.4 15.8± 2.5 23.6± 4.1
2.6 16.7± 2.7 25.0± 4.3
2.8 17.3± 2.8 25.9± 4.5

Table 6.10: Differential flux at 1 TeV in the best-fit component assuming a power-law
spectrum for different photon index assumptions: 2.0, 2.2, 2.4, 2.6 and 2.8. The first
column indicates the assumed photon index, the second column the differential flux for
the best-fit symmetric Gaussian component and its statistical uncertainty obtained from
the relative uncertainty of the best-fit uncertainty and the third column the differential
flux for the best-fit asymmetric Gaussian component and its statistical uncertainty
obtained from the relative uncertainty of the best-fit uncertainty. All values are given
for the background subtraction using the background normalizations from Method D.

parameters for the different components. For the two different parametrizations of
the best-fit component, i.e., the symmetric Gaussian and the asymmetric Gaussian,
I performed the forward-folding for different photon indices for the assumed power-
law spectrum as the photon index of the extended component is unknown. I used
indices of 2.0, 2.2, 2.4, 2.6 and 2.8 even though interstellar diffuse emission would
be rather expected to be at the low end of this photon index range as mentioned
before, as there are point sources having such high photon indices.

The reconstructed differential fluxes at 1 TeV for the different photon index as-
sumptions and their statistical uncertainties are shown for the two spatial models in
table 6.10. In addition, the right of figure 6.46 shows how the spectra reconstructed
from these differential fluxes would look like (using the photon indices input in the
forward-folding procedure) whereas the left shows the best-fit spatial component
from which these spectra are derived. It can be seen that the reconstructed flux
takes very similar values for the different models in the H.E.S.S. sensitive range
(as is expected) and that the spectra almost cross in one single point a bit below
1.4 TeV which is quite in the centre of the sensitive range of this analysis whereas
as expected the extrapolation to lower energies depends more on the assumed
photon index. From the table, one can see that the reconstructed fluxes are of
the order of magnitude of 10× 10−12 cm−2 s−1 TeV−1 and so higher by an order of
magnitude or more than the fluxes of the point sources in the LMC, even than
the one of N 157B which has a flux of 1.3× 10−12 cm−2 s−1 TeV−1 [53]. However,
N 157B is a point source with respect to the H.E.S.S. point spread function and
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Figure 6.46: Top left: Counts map of the best-fit Gaussian component on the LMC
extended emission. Top right: Differential spectrum constructed from the computed
differential flux in the best-fit Gaussian component using the power-law spectral model
input in the forward-folding procedure. Bottom left: Counts map of the best-fit asym-
metric Gaussian component on the LMC extended emission. Bottom right: Differential
spectrum constructed from the computed differential flux in the best-fit asymmetric
Gaussian component using the power-law spectral model input in the forward-folding
procedure. The different colours on the right plots indicate the different photon indices
used in the forward-folded models (from bottom to top left of the crossing): Blue: 2.0.
Orange: 2.2. Green: 2.4. Red: 2.6. Violet: 2.8.
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Source LMC
Method D

Overall background normalization Free 1.05 1.02 0.95
Fit parameters of Gaussian

Right ascension [◦] 81.57 80.71 81.34 81.46
Declination [◦] -69.77 -69.65 -69.72 -69.83
Extension [◦] 0.9180 0.5295 0.7463 1.6937

Table 6.11: Fit Gaussian parameters under different assumptions for the overall back-
ground normalizations: Free overall background normalization and background nor-
malizations scaled by 1.05, 1.02 and 0.95.

so its flux at source position reaches a much higher value than is reached locally
in the extended component. The differential flux at 1 TeV also increases with the
assumed photon index, which is due to the almost crossing at 1.4 TeV (mentioned
before). The relative statistical uncertainty, as obtained from the uncertainty on
the best-fit amplitude of the Gaussian and the asymmetric Gaussian component in
the second fit (during which the (asymmetric) Gaussian component and the overall
background normalization is fit), is 16 % for the symmetric Gaussian component
and 17 % for the asymmetric Gaussian component. So, the statistical uncertainty
is lower than the systematic uncertainties previously found in the reconstruction
of the spectra of the point-like sources.

Influence of background normalizations

However, any uncertainty coming from the background models has a much higher
impact on extended sources than on point-like sources as the number of background
counts increases with region size. This increased systematic uncertainty is not in-
cluded in the systematic uncertainties found in the reconstruction of the spectra
of the point-like sources. For this reason, I performed a study of the dependence
of the flux on the background normalization. I adjusted the background normal-
izations of the individual runs as before. However, in the second step where up to
now I adjusted the model together with the overall background normalization on
the stacked dataset, leading to fit values for the overall background normalization
very close to 1, I now fix the background normalization to 0.95, 1.02 and 1.05.
This allows me to study the behaviour of the fit under this different background
normalizations.

The values of the parameters of the best-fit symmetric and asymmetric Gaus-
sian component under this different background normalization assumptions are
shown in table 6.11 and table 6.12. In these tables, column 2 (free overall back-
ground normalization) corresponds to the fit as performed up to now, usingMethod
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Source LMC
Method D

Overall background normalizations Free 1.05 1.02 0.95
Parameters of asymmetric Gaussian

Right ascension [◦] 80.85 80.60 80.84 78.21
Declination [◦] -69.58 -69.61 -69.60 -68.97

Semi-major axis [◦] 1.7196 0.9657 1.3003 4.0109
Semi-minor axis (derived) [◦] 0.6887 0.3845 0.5264 1.1675

Eccentricity 0.9163 0.9173 0.9144 0.9567
Orientation w.r.t. right ascension axis [◦] -70.58 -79.85 -74.45 -59.61

Table 6.12: Fit asymmetric Gaussian parameters under different assumptions for the
overall background normalizations: Free overall background normalization and back-
ground normalizations scaled by 1.05, 1.02 and 0.95.

D as for the results presented in table 6.10. The slight difference between the val-
ues of the parameters in these tables and tables 6.5 and 6.6 is due to the different
binning of the sky map for the determination of the flux (0.02◦ - used in this
subsection 6.4.2) in order to be consistent with the determination of the flux of
the point sources and the sky map used earlier (0.1◦ - used in the rest of the the-
sis). The other columns show the best-fit parameters for the different background
normalization assumptions. The most striking difference is the extension which
increases as the normalization decreases. This was to be expected as the higher the
background normalization, the bigger the part of the (physical or non-physical)
excess that is cut away by the background subtraction and the lower the back-
ground normalization, the more of the background going into the (asymmetric)
Gaussian. The best-fit positions of the components agree rather well, even though
they are not fully consistent within the uncertainties obtained from the fit. The
best-fit asymmetric Gaussian for the overall background normalization being 0.95
is the one exception to this. This is most likely due to this component fitting a
big part of the region of interest and so rather fitting the background, as it was
the case for NGC 253. The eccentricity and the orientation also agree rather well
for the asymmetric Gaussians except for the same exception. This shows that the
positions and orientations of the best-fit components are rather stable against a
change of the background normalizations.

The reconstructed fluxes using the forward-folding method for the same four
overall background normalizations are shown in table 6.13. One can immediately
see that the reconstructed flux strongly depends on the background normalization.
Indeed, for the systematic uncertainty of less than 5 % on the average background
normalization for a given field of view (obtained from the best-fit normalization
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Bkg Photon Differential flux at 1 TeV and
Norm index its uncertainty [10−12 cm−2 s−1 TeV−1]

Best-fit Gaussian Best-fit asymmetric Gaussian
2.0 13.1± 2.1 19.6± 3.4
2.2 14.5± 2.3 21.8± 3.8

Free 2.4 15.8± 2.5 23.6± 4.1
2.6 16.7± 2.7 25.0± 4.3
2.8 17.3± 2.8 25.9± 4.5
2.0 3.0± 0.5 4.0± 0.7

Fixed 2.2 3.3± 0.5 4.4± 0.7
to 2.4 3.6± 0.6 4.8± 0.8
1.05 2.6 3.8± 0.6 5.1± 0.9

2.8 4.0± 0.7 5.2± 0.9
2.0 7.6± 0.8 9.7± 1.2

Fixed 2.2 8.5± 0.9 10.8± 1.3
to 2.4 9.2± 0.9 11.7± 1.5
1.02 2.6 9.8± 1.0 12.4± 1.5

2.8 10.1± 1.0 12.8± 1.6
2.0 53.7± 7.6 93.4± 4.2

Fixed 2.2 59.5± 8.5 103.6± 4.7
to 2.4 64.3± 9.1 111.9± 5.0
0.95 2.6 67.9± 9.7 118.2± 5.3

2.8 70.3± 10.0 122.3± 5.5

Table 6.13: Differential flux at 1 TeV in the best-fit component assuming a power-law
spectrum for different photon index assumptions: 2.0, 2.2, 2.4, 2.6 and 2.8. The
second column indicates the assumed photon index, the third column the differential
flux for the best-fit symmetric Gaussian and its statistical uncertainty obtained from
the relative uncertainty of the best-fit uncertainty and the fourth column the differen-
tial flux for the best-fit asymmetric Gaussian and its statistical uncertainty obtained
from the relative uncertainty of the best-fit uncertainty. All values are given for the
background subtraction using Method D. In addition to table 6.10, here results for
different assumptions for the overall background normalization in the final fit of the
(asymmetric) Gaussian component are shown: First it is left free in this final fit (as in
the rest of the thesis), then it is set to 1.05, 1.02 and 0.95 times the normalization fit
in the fit of the normalization of the individual runs in order to study the influence of
the background normalization on the reconstructed flux.
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Fermi component E1 + E3 E2 E4 E0
Differential flux extrapolated to 1 TeV 1.6 2.1 0.70 0.0002

[10−12 cm−2 s−1 TeV−1]

Table 6.14: Extrapolation of the differential flux seen in the different components
shown in figure 5.4 to 1 TeV using the best-fit spectra presented in Fermi -LAT LMC
paper [140].

.

in section 5.5), this could lead to a difference of up to a factor 5 as follows from
the table. However, this systematic uncertainty quantifies the difference between
the best-fit background normalization on OFF-runs and the one obtained from the
run-wise simulations and so strictly only applies to Method A. Method D which is
considered here is used since it is less impacted by this systematic uncertainty. It
is however hardly possible to quantify by how much, especially in the presence of
a signal which might distort any assessment from OFF-runs a bit, as for Method D
the background is fit to the data. However, even for an overall normalization which
would only be of by 2 % could lead to a difference of a factor of 2 in the recon-
structed flux. For this reason, it becomes clear that the systematic uncertainty on
the background normalization can have a strong impact on the flux reconstructed.
This makes it necessary to further investigate this uncertainty and the flux recon-
struction in future studies, as it seems currently not possible to reconstruct the
flux reliably with this forward-folding method.

Comparison with the Fermi-Lat fluxes

In order to compare the obtained fluxes with the best-fit Fermi -components which
I discussed in section 5.2, I extrapolated the flux of the four Fermi components to
1 TeV assuming that the spectrum follows the best-fit spectral shape measured by
Fermi up to this energy. I used the emissivity model, as the spectral parameters
are only given for this model in the paper [140]. The obtained differential fluxes
are shown in table 6.14. As can be seen, the extrapolated flux from the Fermi
components is almost an order of magnitude lower than the computed H.E.S.S.
fluxes using the forward-folding method. This is illustrated again on figure 6.47.
However, as discussed previously the systematic uncertainty on the H.E.S.S. flux
is very high. The uncertainty in the background normalization might reduce the
discrepancy to a factor of 2. Adding to this the systematic uncertainties derived on
the point sources and the statistical uncertainties might explain the discrepancy. A
5 % systematic uncertainty on the overall background normalization would though
be higher as expected. This might be an indication for additional systematic
uncertainties in the method not spotted yet. This shows how big the uncertainties
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Figure 6.47: Spectrum constructed from the computed differential flux in the best-fit
component using the power-law spectral model input in the forward-folding procedure
in the H.E.S.S. sensitive range (on the right of the figures) compared to the spectrum
measured by Fermi -LAT for the four components found in their diffuse analysis using
the emissivity model [140] (on the left of the figures). Left: Spectrum of the best-
fit Gaussian component (for H.E.S.S.). Right: Spectrum of the best-fit asymmetric
Gaussian component (for H.E.S.S.). The different colours for the H.E.S.S. components
indicate again the different photon indices used in the forward-folding procedure and
is the same as for the previous plot. For the spectra of the Fermi components, the
spectrum of the E0 component (as shown in figure 5.4) is shown by the curved yellow
line, the component being the combination of the E1 and E3 Gaussian by the brown
(top straight) line, the E2 component by the pink (horizontal straight) line and the E4
component by the gray (bottom straight) line.
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on the H.E.S.S. flux in the observed extended component are and that reducing
them will be one of the major tasks of future analyses.

6.5 Conclusion

In this part of my thesis, I presented a novel method to search for extended emis-
sion. This method is based on run-wise simulations in which the considered dataset
is simulated on a run-by-run basis. I used this run-wise simulations to generate
instrument response functions and a background model. These instruments re-
sponse functions and background model are completely independent of the data
taken on the considered field of view while still taking into account the observation
conditions. The background model was subtracted from the recorded data in order
to be left with a potential signal. I determined the systematics of this method at
deep exposure on a Centaurus A and an NGC 253 dataset. Finally, I applied this
method to the search for interstellar diffuse emission on the LMC and the SMC.

This novel method left to the emergence of an extended component in the
LMC, whereas the SMC dataset was in agreement with pure background. This
might also be due to the low statistics in the SMC analysis compared to the
three other datasets. However, the level of non-statistical variations was higher
in SMC than for Cen A, NGC 253 and studies on OFF-fields performed at lower
exposure. Even though this is only a slight hint for the presence of a signal beyond
statistical variations, this shows that it might be worth to come back to the SMC
with a deeper exposure dataset to confirm the putative presence of a signal.

The extended component emerging in the LMC is in contrast very robust
against a change in the procedure of determination of the background normal-
izations of the individual runs. It is above the level of systematics determined in
the study of OFF-runs and confirmed on the Cen A and NGC 253 dataset. This
shows that this extended component is of physical origin. It so constitutes the first
detection of potential interstellar diffuse emission inside a galaxy with an Imaging
Atmospheric Cherenkov Telescope. I described the shape of this extended com-
ponent by adjusting it with a symmetric Gaussian component and an asymmetric
Gaussian component. This showed that it is centred close to N 132D and that it
has an extension of at least 0.9◦.

In order to find a potential correlation of the emission with structures in the
LMC, I considered different models: first a symmetric and asymmetric Gaussian
emission model to test a potential asymmetry and later on these models were
multiplied with the atomic neutral hydrogen gas density (i.e. the component was
multiplied with the gas column density in each pixel). I introduced this model as
hadronic interstellar diffuse emission is expected to be produced by the interaction
of cosmic rays with gas. Multiplying the model with the gas distribution so gives
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a direct handle on the cosmic ray distribution if the emission is of hadronic origin.
The model performing the best was the asymmetric Gaussian, which would be
an indication for the emission to be asymmetric and not so well correlated with
the gas density. However, the increase in performance of this model compared to
the three other models is not above systematic uncertainties, and so the question
whether the observed excess is correlated to the gas distribution in the LMC is
still open. This means that the systematic uncertainties of this analysis do not
allow me to characterize the morphology of the excess further.

Moreover, the systematic uncertainties and the very inhomogeneous exposure
also lead to the central position of the physical excess being unknown. Indeed, it
is possible that the observed excess is only part of a larger emission component in
the LMC. This makes a potential correlation study with possible emission sources
incomplete as one does not know if one accounts for all the emission. For this
reason, it is not clear whether the observed emission is of hadronic or leptonic
origin or if it comes from unresolved sources or if it is a combination of the three
as discussed in more detail in section 6.4.1.

As a part of this study, I also tried to determine the flux of the observed
emission. However, it turned out that the systematic uncertainties of the used
forward-folding method are so high that it is impossible to get any meaningful
value.

This leaves us with the first detection of potential interstellar diffuse emission
with an Imaging Atmospheric Cherenkov Telescope. The systematic and statisti-
cal uncertainties are currently too high to determine the morphology or the flux of
the observed excess. This extended emission observed in the LMC is a first demon-
stration of what is possible with Imaging Atmospheric Cherenkov Telescopes using
a background model and instrument response functions completely independent of
the data taken on the considered field of view while still taking into account the
observation conditions. A refinement of the method and a full use of the dataset
at hand will make deep morphological and spectral studies possible and allow the
search for extended emission in other regions in the sky as will be discussed in the
next chapter (7) which discusses the perspectives of this study.



Chapter 7

Perspectives

After giving an introduction into the field of gamma-ray astronomy and discussing
the instrument used in this work, H.E.S.S., I discussed a novel calibration method
for optical efficiencies and the search for interstellar diffuse emission in this thesis.
For the optical efficiency calibration, I first of all optimised the current muon-based
optical efficiency calibration method at large zenith angles by introducing a cut
based on the goodness of the muon ring fit to the observed muon ring. This led
to the disappearance of a zenith angle dependence in the muon optical efficiencies
I noticed earlier, but does not have a significant impact on the average muon
efficiency used in H.E.S.S. analyses due to the low number of high zenith angle
runs taken with H.E.S.S.

After having sorted out this problem with the muon-based optical efficiencies,
I considered a novel UAV-based relative optical efficiency calibration method. To
do this, a first-generation prototype LED-based light source was mounted on a
UAV which was positioned inside the field of view of the four HESS-I telescopes.
It illuminated all of them with a pulsed light source whose pulses were recorded.
The telescopes were then inter-calibrated based on the total amount of light they
recorded. Beside inter-calibration, I showed that it is possible to use the UAV data
to verify the pointing correction and the time-stamping of H.E.S.S.

Planned future campaigns will allow us to ameliorate the uncertainties (which
are now at few percentage level) through a better understanding of systematic un-
certainties and improvements to the UAV prototype and potentially go beyond a
simple verification for the pointing corrections. They will also allow us to test the
use of the UAV in further calibration tasks, such as doing a full-multiwavelength
inter-calibration and possibly absolute optical efficiency calibration by character-
ising the properties of the light source better or to monitor the atmospheric trans-
parency by mounting meteorological devices on the UAV.

One of the aims of these future campaigns is to reduce the systematic uncer-
tainties of this novel calibration method enough to make it competitive for the
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optical efficiency calibration of future Imaging Atmospheric Arrays such as CTA.
The goal of this is also to allow an easy multi-wavelength optical efficiency cal-
ibration which is not achievable with the muon-based method, however needed
to reach the requirements to achieve the planned sensitivity, energy and angular
resolution of CTA. A UAV-based multi-wavelength calibration is one possibility
for filling this hole in the traditional optical efficiency calibration and can so help
to reach the requirements to fulfil the science projects of CTA.

One of the three central themes investigated in these science projects is "Un-
derstanding the Origin and Role of Relativistic Cosmic Particles" [87]. In order to
increase this understanding, two galaxies will be observed as key science projects
within CTA: Our Milky Way and the Large Magellanic Cloud. The idea is not
only to study the origin of cosmic rays in sources which might also produce gamma
rays, but also to study their propagation within these galaxies. This propagation
can be best studied through the interaction of these cosmic rays with gas, radiation
or magnetic fields. In these interactions gamma-rays can be produced which can
be observed with CTA.

However, gamma-rays can be observed with any Imaging Atmospheric Cherenkov
Telescope and it is so not necessary to wait for the advent of CTA to search for
this gamma-ray interstellar diffuse emission. In this thesis, I discussed the first
detection of potential interstellar diffuse emission with an Imaging Atmospheric
Cherenkov Telescope. I obtained this detection of an emission component with an
extension of at least 0.9◦ in the Large Magellanic Cloud using a novel run-wise
simulation-based analysis method. This allowed me not to be impacted by any
potential very extended excess in the background subtraction as the instrument
response function and background model generated from these run-wise simula-
tions are completely independent of the data taken on the considered field of view
while still taking into account the observation conditions.

For this first detection of an extended emission component in the Large Mag-
ellanic Cloud, further studies of the morphology and the spectrum were limited
by the statistical and systematic uncertainties. Both of these uncertainties are
expected to be greatly reduced in future. On the statistical side, only 14 % of the
available LMC runs taken with H.E.S.S. are considered in this analysis. This is
on the one hand due to only using one camera configuration in order to reduce
systematic uncertainties. In the future when the systematic uncertainties will be
well understood, one can extend this method to the other configurations after
adapting the zenith angle and radial corrections and re-estimating the systematic
uncertainties for all the configurations. This would lead to a big gain in statistics
as only 29 % of the available LMC data has been taken with the currently consid-
ered camera configuration. On the other hand, strict selection cuts are currently
used in order to reduce systematic uncertainties. It might be possible to loosen
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some of them and increase statistics even more, even though some of the data will
remain completely unusable (among other due to very bad weather conditions or
technical failures impacting multiple telescopes) and so it will never be possible to
use all the runs. In addition to this already available data, one of the proposed
projects of the H.E.S.S. legacy program is the study of the cosmic ray popula-
tion in the LMC. A part of this project is to increase the H.E.S.S. exposure to
50 hours everywhere in the LMC by increasing the exposure at the edges of the
LMC (as more than 100 hours of exposure are already available in its central parts
around the Fermi component G2). This will fully resolve the problem with the
inhomogeneous exposure encountered in this work leading to possibly only parts of
a physical emission component being visible and allow deeper morphological stud-
ies, at least from the statistical side and the discovery of further potential diffuse
components in the LMC. In addition, to the search for interstellar diffuse emission
this higher exposure will also allow to put further constraints on point-like sources
or lead to the discovery of new point-like source.

On the systematic side, energy dependent run-wise background models are cur-
rently under development. This will allow to go from a simple flux determination
to a full spectral study. This leads to a completely new handle on the systematic
uncertainties in the flux computation and will hopefully allow us to improve them
and so to get more reliable fluxes. This energy dependent background models, the
increase of the number of camera configurations and the further investigation of
the run-wise background analysis method will also increase our knowledge of sys-
tematic uncertainties and help us to reduce them. This will among other possibly
reduce the systematic uncertainties on the prediction of the background normal-
ization from the run-wise simulations and so increase the performance of Method
A. This might lead to a reliable analysis method fully independent of the data
taken on the field of view to be investigated. This would not only allow us to do
a full morphological and spectral study of the extended emission observed in the
LMC, but also to re-apply this method to other fields of view.

SMC could be revisited with higher statistics and better understood system-
atic uncertainties to understand whether the observed higher level of statistical
variations is due to a higher systematic level or to a physical excess.

However beyond these two targets discussed in this thesis, these first results and
the discussed perspectives show the potential of Imaging Atmospheric Cherenkov
Telescopes in the study of extended emission using novel analysis methods. Indeed,
up to very recently H.E.S.S. and other Cherenkov telescopes mostly detected point-
like sources or sources with a small extension, and the study of extended emission at
gamma-ray energies was mostly performed with Fermi -LAT. In the last years, first
studies of more extended sources were completed with H.E.S.S. (and other Imag-
ing Atmospheric Cherenkov Telescopes), among other a study on Geminga [154]
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using the field-of-view background and ON-OFF background method, showing
that H.E.S.S. is capable of detecting very extended sources. However, in this
Geminga analysis, the real cut-off of the emission could not be determined due
to the extension of the emission, and so a run-wise approach could also improve
our knowledge on this source. This shows the potential of Cherenkov telescopes
to detect extended emission using different non-standard (at least in the detection
of point-like sources) methods and so to complement the view Fermi -LAT has on
extended structures at higher energies and finer resolution of substructures.

This view is and will be complemented by newer even higher energy instru-
ments such as HAWC and LHAASO, instruments which were discussed in section
1.5.3. Both of these instruments are well suited to detect extended sources and
are sensitive to even higher energies than H.E.S.S. They have detected numerous
extended sources, and together with Fermi -LAT and Cherenkov Telescopes, these
sources can be studied from the MeV range to the PeV range in gamma-rays.

One prime target for such studies is our Galaxy, the Milky Way. Diffuse
gamma-ray emission at GeV energies originating from it has already been de-
tected with the SAS-2 satellite in the 1970s [172]. The gamma-ray emission in the
MeV and GeV energy range has later on be studied in detail with other satellite
instruments, most recently with Fermi -LAT [129]. This not only let to the de-
tection of the expected interstellar diffuse emission from the Galactic plane and
of emission from some point-like sources or small extended sources, but later on
also to the detection of two huge bubble-like structures extending 50◦ above and
below the Galactic centre [173] called the Fermi bubbles. Their origin is still un-
clear. Beside Fermi -LAT, first detections of gamma-ray interstellar diffuse emis-
sion from the Galactic plane have recently been reported by HAWC [174, 175] and
LHAASO [176]. These detections can be expected to be refined and further char-
acterised over the next years through increased statistics and reduced systematics
or better modelling to disentangle interstellar diffuse emission from unresolved
sources. Galactic interstellar diffuse emission is so a very active field of research
and there have been other efforts beside the ones mentioned here. H.E.S.S. also
has published lower limits on galactic interstellar diffuse emission as discussed in
section 5.2. The reason for the publication of lower limits was due to using a
background subtraction method based on a background determination within the
field of view. Ongoing work on galactic interstellar diffuse emission within the
H.E.S.S. collaboration using the run-wise simulation-based method described in
this thesis, is expected to resolve this issue and allow a proper characterization of
galactic interstellar diffuse emission at TeV energies with H.E.S.S. and characterise
its morphology and spectrum. The characterization of such extended emission will
show the real capabilities of this run-wise simulation-based background subtraction
method.
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Going back to LMC and SMC, ample observation results from Fermi -LAT are
available with which a multi-wavelength picture can be built after a successful
characterization of their extended emission with H.E.S.S. However, the Magellanic
Clouds are only visible from the Southern hemisphere and can so not be observed
with any Northern hemisphere instrument such as HAWC and LHAASO. For data
of the Magellanic Clouds taken at higher energies, one has to wait for the advent
of SWGO (discussed in section 1.5.3) which will have an optimal location for their
observation and will complement Fermi -LAT and H.E.S.S. results.

As mentioned earlier, beyond the three major Imaging Atmospheric Cherenkov
Telescope arrays currently in operation, a much larger one is currently under con-
struction, CTA. It is foreseen to increase the sensitivity by one order of magnitude
and to reach an unprecedented energy and angular resolution, and is so even bet-
ter suited to characterize interstellar diffuse emission than H.E.S.S., and this on
the Northern and Southern hemisphere given its two locations. The observation
of LMC and the galactic plane are two of its proposed key science projects. The
increased sensitivity, energy and angular resolution will permit to study the fine
structure of extended emission in even more detail and so further increase our
knowledge about interstellar diffuse emission. To do so CTA will be able to build
on the H.E.S.S. results and especially use the analysis method developed to detect
very extended emission. Indeed, even though the CTA telescopes have a larger
field of view than the ones of H.E.S.S., one might still be confronted to emission
which extends over the whole field of view. This then leads to the need for a back-
ground subtraction method taking this in to account in order not to end up with a
lower limit. In addition to this, CTA will be constituted of many more telescopes
than all current Imaging Atmospheric Telescope Arrays and it is foreseen that it
uses different pointing strategies. This leads to an extreme increase in possible
array configurations and makes it hardly possible to produce individual Monte
Carlo simulations for each individual configuration separately a priori. The use of
run-wise simulations for less common array configurations could be a solution for
this.
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Appendix A

Side-by-side comparison of residual
maps and best-fit Gaussians

Figure A.1: Top: Residual maps after background subtraction with masked sources for
Cen A. The colour scale indicates the number of counts in each bin. Bottom: Map of
counts in best-fit Gaussian for Cen A. Left: Method A. Right: Method B.
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Figure A.2: Top: Residual maps after background subtraction with masked sources for
NGC 253. The colour scale indicates the number of counts in each bin. Bottom: Map
of counts in best-fit Gaussian for NGC 253. Left: Method A. Right: Method B.
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Figure A.3: Top: Residual maps after background subtraction with masked sources for
LMC. The colour scale indicates the number of counts in each bin. Centre: Map of
counts in best-fit Gaussian component for LMC. Bottom: Map of counts in best-fit
asymmetric Gaussian for LMC. Left: Method A. Right: Method B.
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Figure A.4: Top: Residual maps after background subtraction for SMC. The colour
scale indicates the number of counts in each bin. Bottom: Map of counts in best-fit
Gaussian for SMC. Left: Method A. Right: Method B.



Appendix B

LMC results for standard analysis

This appendix shortly discusses the results of a standard ring background anal-
ysis of the LMC of the same data used in this thesis in order to detect the ex-
tended emission with the novel run-wise simulation-based background subtrac-
tion method. I performed this standard analysis using the same runlist and the
same semi-analytic model reconstruction for the selection and reconstruction of
gamma-like events discussed in section 2.4.3 as for the main analysis. For the ring
background analysis, I use standard parameters for point-like sources such as a
standard over-sampling radius of 0.1◦. The use of non-standard parameters might
lead to an increase of sensistivity of the ring background subtraction method to-
wards a very extended excess, however I did not perform an optimization of the
parameters as this was not the goal of this work and I wish to show a comparison
with a standard method.

The significance map obtained with this ring background method is shown
in comparison to the significance map obtained earlier with Method D in figure
B.1. As can be seen beside the excess from the point-like sources (and especially N
157B) which are not masked in the ring background subtraction method, there is no
indication for any excess using the standard ring background subtraction method.
This shows that the novel run-wise simulation-based analysis method is much more
sensitive to such extended excesses than standard analysis methods. However,
other non-standard analysis methods or the use of non-standard parameters in
standard analysis methods might also increase the performance.
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Figure B.1: Comparison of results obtained for LMC using novel run-wise background
subtraction method to standard ring background analysis method. Top left: Gamma-
like sky acceptance map. Top right: Li & Ma significance map for the ring background
method. Bottom left: Exposure map of LMC. Botom right: Li & Ma significance map
after background subtraction with masked using the novel run-wise simulation-based
background subtraction method and Method D for the background subtraction.
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Résumé : Le Système Stéréoscopique à Haute Ener-
gie H.E.S.S. en Namibie est l’un des trois grands
réseaux de Télescopes à Imagerie Tcherenkov At-
mosphérique (IACT) opérationnels. Ces réseaux sont
conçus pour détecter indirectement des photons
aux énergies les plus hautes couramment obser-
vables, appelés rayons gamma. Pour pouvoir me-
surer précisément l’énergie des photons gamma, il
est indispensable de calibrer les cinq télescopes de
H.E.S.S individuellement, mais aussi de les inter-
calibrer.
La première partie de cette thèse propose une nou-
velle méthode pour déterminer les efficacités optiques
relatives des télescopes du réseau H.E.S.S. Celle-ci
est basée sur un drone volant au-dessus du réseau
et éclairant les télescopes avec une source de lumière
pulsée. Cette méthode permet, contrairement à celle
utilisée jusqu’alors, de mesurer la dépendance à la
longueur d’onde des efficacités. En se basant sur
les résultats d’une première campagne, cette thèse
démontre que cette méthode permet d’inter-calibrer
les télescopes de H.E.S.S. et, additionnellement, de
vérifier l’horodatage et les corrections de pointé de

H.E.S.S., qui sont nécessaires car le pointé est impar-
fait à cause de la déformation du sol et de la structure
du télescope sous son propre poids.
La seconde partie de cette thèse discute la re-
cherche d’émission gamma diffuse interstellaire en
provenance du Grand Nuage de Magellan. Il s’agit
d’une galaxie naine qui, à l’instar de la Voie Lactée,
contient non seulement des étoiles mais également
des rayons cosmique (protons et électrons princi-
palement) et de la matière interstellaire. Outre les
sources astrophysiques, on attend également une
émission diffuse interstellaire produite par les inter-
actions de ces particules avec le gaz interstellaire
et les champs de rayonnement. J’utilise une nou-
velle méthode de soustraction de fondbasée sur des
simulations Monte Carlo observation-par-observation
(simulations �run-wise �) du fond attendu qui est
soustrait des données observées. J’ajuste l’émission
résiduelle sur les données en utilisant un maximum de
vraisemblance. Ceci mène à l’émergence d’une com-
posante d’émission étendue près de N 157B qui pour-
rait être due à l’émission diffuse, et constituer ainsi sa
première détection avec un IACT.

Title : Airborne Inter-Calibration of H.E.S.S. Telescopes and Interstellar Diffuse Very-High-Energy Gamma-
Ray Emission in the Large Magellanic Cloud
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Abstract : The High Energy Stereoscopic System
(H.E.S.S.) in Namibia is one of the three major Ima-
ging Atmospheric Cherenkov Telescope (IACT) arrays
currently in operation. As such, it is designed to in-
directly detect photons at the highest energies cur-
rently observable, called gamma-rays. As the five te-
lescopes of H.E.S.S. work together as an array, it is
not only necessary to calibrate them individually, but
also to inter-calibrate them.
The first part of this thesis proposes a novel method to
determine the relative optical efficiencies of the teles-
copes of the H.E.S.S. array. It is based on an unman-
ned aerial vehicle positioned inside the field of view of
all the telescopes on which a pulsed light source illu-
minating them is mounted. The method permits, un-
like the one used so far, to monitor the wavelength de-
pendent evolution of the efficiencies. Based on the re-
sults of a first campaign, this thesis shows that we are
indeed able to inter-calibrate the H.E.S.S. telescopes
and, in addition, to verify the time stamping and poin-

ting corrections of H.E.S.S., which are necessary as
the pointing is imperfect due to the deformation of the
ground and the telescope structure due to its weight.
The second part of this thesis is about the search for
interstellar diffuse gamma-ray emission produced in
the Large Magellanic Cloud. The LMC is a dwarf ga-
laxy which, as the Milky Way, does not only contain
stars, but also cosmic rays (mostly electrons and pro-
tons) and interstellar matter. Beside the astrophysical
sources, one also expects diffuse interstellar emis-
sion produced by the interactions of these particles
with the interstellar gas and the radiation fields. I use
a novel background subtraction method based on a
run-by-run Monte Carlo simulation (”run-wise” simula-
tion) of the expected background which is subtracted
from the observed data. I fit the residual emission to
the data with a maximum likelihood. This leads to the
emergence of an extended emission component near
N 157B, which could be attributed to diffuse emission,
and would so constitute its first detection with an IACT.
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