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Abstract

The current state-of-the-art experiments in gamma-ray astronomy are the Fermi-LAT
in space and the ground-based H.E. S. S., VERITAS and MAGIC experiments. The
monitoring of the very-high-energy gamma-ray emitting sources indicates the diverse
physics taking place in astrophysical environments. To study the most energetic
form of radiation and the most violent phenomena taking place in the Universe,
individual source analyses are important. BL Lac objects, a subcategory of active
galaxies, are the most abundant source class detected both in the GeV and TeV
energies, while pulsar wind nebulae represent the most numerous identified source
class in the galactic plane. Both source classes exhibit gamma-ray flux variations.
In this thesis, the gamma-ray variability of the BL Lac object B2 1215+30 is pre-
sented with Fermi-LAT data. A bright flare, with 16 times the average quiescent
flux, was detected in February 2014. In collaboration with the VERITAS experi-
ment, the gamma-ray variability was investigated over five decades in energy. This
work resulted in the detection of a luminous flare, seen simultaneously in GeV and
TeV energies by both instruments. These results were used to set constraints on
the size of the emission region and on the Doppler factor of the relativistic jet.
Additionally, the long-term variability was studied using nine years of Fermi-LAT
data. This brought out new flux enhancements, which characterize the long-term
lightcurve from 100 MeV up to 500 GeV. Other striking characteristics are a steady
linear increase of the yearly average flux, together with a hardening of the spectral
index. The investigation of the lightcurve indicates a hint of quasi-periodic behavior
with a period of around 1083± 32 days.
This work includes spectrum and flux variability studies for the well-studied but
ever-surprising Crab Nebula at TeV energies with more than a decade of H. E. S. S.
observations. The spectrum measured in this work goes from 280 GeV to 62 TeV,
making this the first measurement that extends to such very-high-energies. Consid-
ered as a standard candle for ground-based gamma-ray astronomy, the Crab Nebula
is also used for calibration and instrument studies. The detection of GeV flares by
the Fermi-LAT were unexpected and motivated the search of flux variations at TeV
energies with the H.E. S. S. experiment. The position of the Crab Nebula in the
northern hemisphere makes this investigation challenging due to the large system-
atic uncertainties introduced by the non-optimal observation conditions. This work
showed that the systematic uncertainties can be reduced by taking into account the
atmospheric transparency. No flux variations were found at energies above 1 TeV
from the H.E. S. S. I data. A flare reported by the Fermi-LAT in October 2016 was
also investigated. This analysis showed the GeV flare lasting for one month, while
the flux with H.E. S. S. II had an excess variance of 15%. This should be compared
to the commonly quoted 20% systematic uncertainty by H.E. S. S. experiment.
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Résumé

Les rayons gamma astrophysiques de haute énergie sont les messagers de l’Univers
non thermique. Ils sont le produits de l’accélération de particules chargées, un
phénomène qui se déroule dans de très nombreux endroits de l’Univers (voir par
exemple le centre galactique en Figure 0.1). En particulier, ils portent des infor-
mations importantes sur les plus puissants mécanismes d’accélération de particules
dans les environnements extrêmes de l’Univers. Les processus qui accélèrent ces
particules énergétiques dans l’Univers peuvent être étudiées indirectement par la
détection de rayons gamma, produits par les interactions avec le milieu interstellaire
(ISM) ou avec le champs de rayonnement. Une introduction à l’astronomie gamma
est présentée au Chapitre 1 de ce manuscrit. Cela couvre une introduction aux
rayons gamma cosmiques, aux mécanismes possibles responsables de la production
de rayons gamma de haute énergie et un résumé des sources astrophysiques émettant
aux très hautes énergies.

Figure 0.1: Images superposées du plan galactique en lumière optique et rayons
gamma de très haute énergie. Les images à très haute énergie sont
prises avec les télescopes H.E.S.S. en Namibie. Photographie et mon-
tage de F. Acero.

Les rayons gamma de très haute énergie émis par différents processus dans l’Univers
sont étudiés par des détecteurs spatiaux et des détecteurs au sol. Comme l’atmosphère
est opaque aux rayons gamma, empêchant une mesure directe des propriétés de ce
rayonnement à partir du sol, le rayonnement gamma de haute énergie provenant
de l’Univers peut donc seulement être étudié directement par de satellites envoyés
au-dessus de l’atmosphère. Ces instruments sont conçus pour détecter et localiser
des sites d’émission de rayons gamma de haute énergie en utilisant les propriétés
d’interaction des rayons gamma avec des matériaux denses. C’est une technique
robuste pour reconstruire l’énergie, la direction et le temps d’arrivée des rayons
gamma avec des énergies allant du MeV au GeV. Aux énergies supérieures au Ter-
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aelectronvolt (TeV), les flux de rayons gamma sont faibles et des détecteurs avec
de grandes surfaces de collections sont nécessaires. A ces énergies, seules les ex-
périences au sol offrent cette possibilité. Lorsque les rayons gamma et les rayons
cosmiques de très haute énergie atteignent la Terre et interagissent avec les molécules
de l’atmosphère, ils déclenchent une cascade de particules secondaires. L’atmosphère
servant de calorimètre pour le dépôt d’énergie d’une particule de très haute énergie,
les détecteurs au sol peuvent détecter les particules secondaires produites au cours
de ce processus. La lumière Cherenkov produite pendant les cascades atmophériques
peut être détectée avec la technique d’imagerie Cherenkov atmosphérique (IACT).
Les principes de base de la détection des rayons gamma dans l’espace et au sol sont
décrits au Chapitre 2.

Figure 0.2: En haut: l’expérience H.E.S.S. située dans l’hémisphère sud en Nami-
bie est composée de cinq télescopes Cherenkov. En bas à gauche:
l’expérience MAGIC installé à La Palma. En bas à droite: l’expérience
VERITAS, composée de quatre télescopes Cherenkov, est située dans
l’hémisphère Nord, en Arizona.

Les expériences principales actuellement en service en astronomie gamma sont le
satellite Fermi-Large Area Telescope (LAT) et les expériences au sol tel que H.E.S.S.,
VERITAS et MAGIC (voir Figure 0.2). La génération actuelle des détecteurs a ou-
vert une nouvelle fenêtre pour étudier l’émission gamma dans l’Univers. En partic-
ulier, la génération actuelle des télescopes Cherenkov a amélioré la compréhension
du ciel à haute énergie. Pour le travail présenté dans ce manuscrit de thèse, les don-
nées de Fermi-LAT et de l’expérience H.E.S.S. sont utilisées. Le satellite Fermi-LAT
observe le ciel entier toutes les trois heures dans la gamme d’énergie allant de 30
MeV à plus de 500 GeV depuis juin 2008 et est décrit dans la première partie du
Chapitre 2. L’expérience H.E.S.S., située dans l’hémisphère sud en Namibie, détecte
quant à elle les rayons gamma de très haute énergie de quelques dizaines de GeV à
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des centaines de TeV depuis 2003. L’expérience H.E.S.S. est décrite plus en détails
dans le Chapitre 3 de ce manuscrit. La combinaison des données des deux expéri-
ences couvre plus de cinq ordres de grandeur en énergie et aide à étudier l’émission
des différentes sources astrophysique.
La surveillance des sources de très haute énergie indique une physique diversifiée se
déroulant dans différentes parties du ciel. Afin d’étudier la forme la plus énergé-
tique de radiation et les phénomènes les plus violents qui se déroulent dans l’Univers,
l’analyse des sources individuelles est importante. Les BL Lacs, un type de galaxies
actives, constituent la classe de sources extragalactiques la plus abondante détectée
dans les énergies du GeV au TeV, tandis que le nébuleuses de vents de Pulsar con-
stituent la classe la plus peuplée dans le plan galactique. Ces deux types de sources
ont des émissions variables de rayons gamma.
Les Blazars constituent la grande majorité des sources détectées en rayons gamma.
Les observations multi-longueurs d’onde des blazars montrent qu’ils sont variables
dans toute le spectre électromagnétique. Les observations révèlent que leur émission
est caractérisée par des événements de haute luminosité avec une variation rapide
de flux qui ont lieu dans de petites régions d’émission. Les variations de flux qu’ils
subissent ont un comportement différent à haute énergie, offrant une nouvelle op-
portunité d’étudier et de caractériser l’émission gamma de ces sources. Une partie
du travail présenté dans ce manuscript est consacrée à l’étude de l’émission d’une
source de cette classe; le blazar B2 1215 + 30 qui représente un cas intéressant pour
l’étude de l’émission de haute énergie. Cette étude tire partie des données publiques
obtenues avec le satellite Fermi-LAT. Une grande variation de flux, détectée par
Fermi-LAT en février 2014, est simultanément accompagnée par une éruption très
lumineuse observée au TeV et observée par l’expérience VERITAS (Very Energetic
Radiation Imaging Telescope Array System). VERITAS est un réseau de quatre
télescopes Cherenkov situé à l’observatoire Fred Lawrence Whipple dans le sud de
l’Arizona, sensible aux rayons gamma entre 0,1 et 30 TeV. En collaboration avec
l’expérience VERITAS, la variabilité du flux en rayons gamma a été utilisée pour
établir des contraintes sur la taille de la région d’émission et sur le facteur Doppler
des jets relativistes. Les observations multi-longueurs d’onde prises quasi simul-
tanément au cours de l’épisode d’observation 2014 ont été utilisées pour modéliser
et comprendre l’émission de haute énergie. Deux scénarios ont été considérés pour
expliquer l’émission du B2 1215 + 30: la partie la plus élevée de la distribution
d’énergie spectrale peut être expliquée par les modèles Compton synchrotron ou
Compton externe. Dans le scénario “Synchrotron Self Compton”, le rapport entre
les luminosités synchrotron et inverse-Compton a été utilisé pour estimer le champ
magnétique.
Les observations à long terme avec le Fermi-LAT ont ouvert une nouvelle fenêtre
pour étudier et surveiller l’émission gamma des objets du ciel à long terme. La
variabilité du blazar B2 1215+30, en utilisant près de neuf ans de données de Fermi-
LAT de 100 MeV jusqu’à 500 GeV, a permis de détecter plusieurs éruption. Cette
analyse a montré d’autres éruptions de flux au GeV au cours desquelles le flux
a atteint des valeurs similaires à celles du sursaut spectaculaire de février 2014.
Trois éruptions majeures, où le flux moyen a été multiplié par 16, ont été mises
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en évidence. Les études de la variabilité à long terme montrent que le flux moyen
annuel augmente linéairement avec le temps, de façon corrélée avec un durcissement
de l’indice spectral. L’étude de la variabilité du flux indique un comportement
quasi périodique avec une période de 1083 ± 32 jours. Les interprétations possibles
peuvent être liées à un processus quasipériodique au sein du jet relativiste. Ce
comportement peut également être lié à des effets géométriques. C’est une direction
intéressante pour les observations futures, et beaucoup plus longues, de galaxies
actives. Le travail sur B2 1215+30 est présenté au Chapitre 4.
Dans une dernière partie, la variabilité du flux au TeV et le spectre de l’un des
objets les plus étudiés, la Nébuleuse du Crabe (Figure 0.3), est étudiée avec dix
ans d’observation de l’expérience H.E.S.S. Cette source, la première détectée à très
haute énergie dès 1989, est une nébuleuse à vent de pulsar dans le plan galactique,
à une distance de presque 2 kpc de la Terre.

Figure 0.3: Le système de nébuleuse du crabe et le Crabe pulsar zoomé.

Aux très hautes énergies, la nébuleuse du crabe sert comme source d’étalonnage
pour de nombreuses expériences d’imagerie Cherenkov atmosphérique car elle est
très brillante et aucune variation de son flux n’est jusqu’à présent prédite par de
simples modèles de “Synchrotron Self Compton”, traditionnellement utilisés pour
expliquer l’émission aux très hautes énergies. De plus aucune variation de flux n’a
été observée par les IACT jusqu’à présent. A contrario, les expériences spatiales,
telles que AGILE et Fermi-LAT ont rapporté la détection de variations de flux de
la composante synchrotron aux énergies du GeV. L’expérience H.E.S.S. fournit les
meilleures opportunités pour des études à des énergies supérieures à 10 TeV en raison
de la grande surface d’observation. De plus, avec la mise en service de H.E.S.S. II,
s’ouvre une nouvelle possibilité d’exploiter d’une part, la partie basse de l’énergie
de l’émission gamma et d’autre part l’augmentation de la statistique de H.E.S.S.
permettant d’étendre le spectre à des énergies encore plus élevées.
Le spectre de la Nébuleuse du Crabe est mesuré par H.E.S.S. pour des énergies
comprises entre 280 GeV et 62 TeV. Ceci est la première mesure qui s’étend jusqu’à
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des énergies aussi élevées. Lesx variations de flux au GeV ont motivé la recherche
de variations de flux au TeV en utilisant les données de l’expérience H.E.S.S. La po-
sition de la nébuleuse de crabe dans l’hémisphère nord et la localisation de H.E.S.S.
en Namibie rendent cette approche complexe en raison des importantes erreurs sys-
tématiques introduites par des conditions d’observation non optimales. Le travail
sur la nébuleuse du crabe a montré que la prise en compte de la transparence de
l’atmosphère pour l’étude de l’évolution du flux avec le temps résulte en une réduc-
tion des effets systématiques. En prenant compte de cet effet, aucune variation de
flux supérieure à 20 % n’a été observée à des énergies supérieures au TeV dans toutes
les données de H.E.S.S. I. Une autre éruption au GeV signalée par le Fermi-LAT en
octobre 2016 par télégramme astronomique, a été étudiée avec H.E.S.S. II. Cette
analyse a montré que l’éruption au GeV a duré pendant un mois, L’impact sur le
flux mesuré par H.E.S.S. a un excès de variance de 15 %. Cela peut être comparé à
l’incertitude systématique de 20 % considérée en général par H.E.S.S. Les résultats
de l’étude avec H.E.S.S. I sont présentés au Chapitre 5, et ceux de H.E.S.S. II au
Chapitre 6 dans ce manuscrit de thèse.
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Chapter 1

High-Energy Gamma-Ray
Astronomy

Astrophysical high-energy gamma rays are the messengers of the non-thermal Uni-
verse. They are secondary products of charged particle acceleration, a phenomenon
taking place all-over the Universe. Particularly, they carry important information
on the most powerful particle acceleration mechanisms in extreme environments.
High-energy particles from outer space hit the Earth’s atmosphere continuously.
The up-to-date cosmic-ray energy spectrum is measured from below 109 eV up to
1020 eV. Measurements of cosmic rays over twelve orders of magnitude in energy
reveal that the majority of cosmic rays are high-energy protons and nuclei. Their
emission sites are difficult to locate as they are deflected by turbulent magnetic fields
in the Galaxy and arrive isotropically upon the atmosphere.
Presently, hunting for cosmic ray sites and their acceleration mechanisms relies on
gamma rays, which preserve their direction information. High-energy gamma rays
are produced in the most extreme environments of the Universe from the interac-
tion of energetic charged particles with radiation and magnetic fields and/or from
hadronic interactions. The creation of gamma rays is taking place by either leptonic
or hadronic processes, while the full acceleration scenario of the charged particles is
still a matter of debate. Identifying the high-energy sources which accelerate cosmic
rays up to PeV range is important if we wish to solve the cosmic ray origin prob-
lem. Hence, high-energy gamma rays offer a unique possibility to understand and
complete the “puzzle” of the origin and acceleration mechanisms of cosmic rays.
This chapter gives an introduction on the field of gamma-ray astronomy. A short
historical overview on cosmic rays and on the early days of gamma-ray astronomy
is given in Section 1.1. The possible mechanisms responsible for the production
of high-energy gamma rays and acceleration of charged particles in astrophysical
environments are described in Section 1.2 and in Section 1.3. A brief introduction
on the astrophysical sources established as gamma-ray emitters is given in Section
1.4 and a short summary is given in Section 1.5.
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1.1 Introduction to Cosmic Gamma Rays

1.1.1 One Century of Cosmic Rays

In the early years of the 20th century, Victor Hess used a sequence of ten balloon
ascents to measure the level of ionizing radiation at different altitudes (Figure 1.1a).
He finalized his study in 1912, using the measurements of three electrometers in a
free balloon flight to an altitude of 5300 meters. About the results of his measure-
ments, Hess wrote (from a translation by [3]):

“Immediately above ground the total radiation decreases a little...at altitudes of 1000
to 2000 m there occur again a noticeable growth of penetrating radiation. The in-
crease reaches, at altitudes of 3000 to 4000 m, already 50 % of the total radiation
observed on the ground. At 4000 to 5200 m the radiation is stronger by (producing)
15 to 18 (more) ions than on the ground.”

(a) (b)

Figure 1.1: (a) Victor Hess in one of his balloon accents. Picture taken before
take-off of one of his famous flights that took place between 1911 and
1913. Image courtesy [1]. (b) Present-day spectrum of cosmic rays
spanning over twelve orders of magnitude in energy as measured from
several independent experiments. The majority of the spectrum follows
a power-law over twelve orders of magnitude in energy with a spectral
index of 2.7. The two features of the cosmic ray spectrum, known as the
“knee” and “ankle” are seen around 1015 eV and 1017 eV respectively.
Image courtesy [2].
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In the conclusions of the study, Hess wrote:

“The results of my observation are best explained by the assumption that a radia-
tion of very great penetrating power enters our atmosphere from above.”

These results were confirmed later and honored with the Nobel Prize of Physics in
1936 for the discovery of cosmic rays [4]. The cosmic radiation, or as Hess referred
to it, the “radiation of very great penetrating power” has become a very powerful re-
search tool leading to important new results, as well as new problems to understand
and solve about matter composition in the Universe.
Ever since its discovery, physicists have been trying to understand the origin of this
radiation. In the 105 years since, many experimental and theoretical contributions
have broadened the knowledge on the cosmic-ray spectrum and its composition.
Observations from numerous successive experiments reveal that cosmic rays are
mainly high energy protons or nuclei whose flux follows a power-law over more than
ten orders of magnitude in energy (Figure 1.1b). The overall measured cosmic ray
spectrum exhibits some features, connected to a spectral change or “break” of the
spectrum. The first feature, commonly referred as the “knee” is seen around energies
of 1015 eV, whereas a second break occurs around 1017 eV, which is known as the
“ankle” [5]. There is growing evidence for another spectral change, a “second knee”
between the knee and the ankle which is still under investigation [6].
In the present picture, various sources are considered as possible candidates for
powering different ranges of the measured cosmic ray spectrum. The acceleration
of cosmic rays from the lowest energies up to the knee is attributed to solar flares
and to galactic sources. Beyond the knee, extragalactic sources are potential candi-
dates for cosmic ray acceleration. Changes in the spectral index of the cosmic ray
spectrum are commonly explained by a change of the acceleration mechanism. The
spectral index changes around the knee and the ankle are believed to correspond to
the transition from galactic to extragalactic origin. The exact explanation of how
and where this transition takes place is still not fully understood. The measured
spectrum of the cosmic rays has reached levels that were unexpected in the begin-
ning of the field: the Universe is a TeVatron accelerator. It is remarkable that up
to date, state-of-the-art experiments have not found yet a natural end of the cosmic
ray spectrum. An ultimate theoretical limit on the propagation of proton cosmic
rays is expected by Greisen-Zatsepin-Kuzmin at around 5× 1019 eV [7].
Beside all the efforts and progress, the fundamental question of the origin of cosmic
rays remains not fully solved and is still matter of debate. Gamma-ray astronomy
offers an opportunity to study the high-energy sky using observations of gamma rays
from space and ground. The early days of the field and some remarkable years are
given in the following.

1.1.2 The Birth of Gamma-Ray Astronomy

In 1912, cosmic rays introduced for the first time the non-thermal processes taking
place in the Universe and raised a series of questions about their origin and prop-
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agation. Right after their discovery, supernova remnants were proposed as possible
candidates of galactic cosmic ray emission [8]. The discovery of the π-meson in 1947,
and the π0 decay into two photons indicated that charged cosmic rays can produce
gamma rays. During these years, particle cascades and high-energy nuclear reactions
were seen in nuclear emulsions (as seen for example in extensive air showers) [9].
Therefore, possible sources of cosmic rays, like supernova remnants and regions of
cosmic ray confinement were expected to be visible and detectable at gamma-ray
energies [10]. Additionally, it was expected that the sites of nucleosynthesis would
reveal themselves in the gamma-ray energy range [11]. It was soon understood that
detecting gamma rays can help to trace sources of cosmic rays. Accelerated particles,
undergo interactions and energy losses via different mechanisms producing gamma
rays as they travel through the astrophysical source and beyond. Therefore, gamma
rays are expected from different environments containing populations of charged
particles. Unlike the charged cosmic rays, gamma rays that arise indirectly from
nuclear or very-high-energy processes preserve source information as they move in
straight lines. On the other hand, charged particles lose this information on their
way to the Earth, as they are deflected by the Universe’s turbulent magnetic fields,
except possibly at the highest energies [12].
In September 1952 a simple experiment carried out by Galbraith and Jelley gave
hope to start a new field of astronomy: gamma-ray astronomy from ground [13].
Their experiment allowed the first observation of the Cherenkov light emitted from
cosmic rays air showers in the atmosphere. They measured the counts from the
oscilloscope using a 25 cm mirror and a 5 cm phototube arranged in a rubbish bin
painted black. It took decades to establish this technique and the first source emit-
ting in gamma rays was detected in 1989 [14]. In this remarkable year, the Whipple
air-Cherenkov telescope in the US detected the Crab Nebula at TeV gamma rays,
as it was originally suggested by C. Giuseppe at the 1959 ICRC in Moscow [15].
In the meantime, the detection of gamma rays from space satellites had already made
quite some progress. As Earth’s atmosphere is opaque to gamma rays, satellites
above the atmosphere are needed to directly detect gamma rays, e.g. via Compton
scattering or electron1 pair creation in the detector. Gamma-ray astronomy from
space was presented by Morrison in 1957, predicting gamma-ray fluxes from various
sources [16]. A first milestone in gamma-ray astronomy from space was reached in
1961 with the Explorer 11, the first gamma-ray satellite on orbit that picked up a
few more than 100 cosmic gamma-ray photons [17, 18]. Another remarkable year
was 2008 with the launch of the Fermi-Large Area Telescope (LAT), which scans
the entire sky every three hours and has brought new, unexpected discoveries.
The gamma rays cover a large dynamic range of the electromagnetic spectrum and
the study of the sky in this energy range requires more than one type of detection
technique (see Chapter 2). Nowadays, the study of the sky in gamma rays is covered
by space and ground based instruments. Space detectors played an important role in
the beginning of the field and they are suitable for observations in the energy range
from 100 MeV to 100 GeV. As the flux at higher energies is low and launching large
collection area detectors to space is challenging, Cherenkov telescopes on the ground

1hereafter the electron notation is used for electron/positron
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are more suitable for high-energies due to their large collection areas associated with
the large size of the Cherenkov light pool on the ground.
The field of gamma-ray astronomy relies strongly on observations and detectors with
good sensitivity, angular resolution, and a large field of view. The highlights of each
decade since the early days of the field are given in the following:
• 1950s - Also referred as the decade of predictions of gamma-ray astronomy.

The main goals of gamma-ray astronomy were defined: to establish the sources
of cosmic rays and the seats of nucleosynthesis.
• 1960s - The detectors of this decade were background dominated and poor in

sensitivity e.g. Orbiting Solar Observatory OSO-3 [19].
• 1970s - The space detector OSO-3 produced for the first time a Milky Way

map in gamma rays [19]. Other successful observations were done during this
decade by SAS 2 [20], Cos-B [21], SMM and others [22].
• 1980s - Preparation decade of an all-sky view satellite named Compton Gamma-

Ray Observatory. The Whipple Observatory detected for the first time the
Crab Nebula from the ground [23].
• 1990s - The Energetic Gamma Ray Experiment Telescope (EGRET) on

board of the Compton Gamma-Ray Observatory produced the first all-sky
map in gamma rays, with energies of 20 MeV to 30 GeV [24].
• 2000s - Design and operation of other space and ground-based instruments

e.g. the Fermi-LAT satellite as well as the MAGIC and H.E. S. S. experiments.
• 2010s - The current decade counts the largest operating ground gamma-ray

instruments ever. The presently operating imaging atmospheric Cherenkov
telescopes are H.E. S. S., MAGIC, VERITAS and FACT.

Decade 1970s 1980s 1990s 2000s 2010s
Space-based OSO-3 SAS II EGRET Fermi-LAT
Ground-based Whipple CAT

CELESTE
STACEE
MAGIC
VERITAS
H.E. S. S.

FACT
HAWC

Table 1.1: Main historical instruments used in high-energy gamma-ray astronomy.
Details about these instruments can be found in the reference list given
here and references therein [19, 20, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34].

The field of gamma-ray astronomy is rapidly progressing. The pioneering efforts
and data from space and ground-based detectors have expanded the knowledge on
the high-energy sky. No matter the efforts and improvements in the field, the full
scenario of particle acceleration mechanisms taking place in the Universe is however
still incomplete. Possible acceleration mechanisms responsible for accelerating par-
ticles to such very-high-energies and the possible cosmic-ray acceleration sites are
given next.
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1.2 Acceleration Mechanisms

The number of detected astrophysical sources emitting at very-high-energies has
increased significantly in the last decade from the observations carried out by the
gamma-ray experiments. These sources provide non-thermal spectra of very-high-
energy gamma-rays, which often can be approximated by a power-law:

dN
dE ∝ E−Γ, (1.1)

with a spectral index Γ typically between 2 and 3. The cosmic ray spectrum, mea-
sured over twelve orders of magnitude in energy, has a spectral index of the same
order. Therefore, the Universe’s most extreme particle acceleration scenarios must
account for both a gamma-ray and cosmic ray spectrum of the form given in Equa-
tion 1.1 and for the extension of cosmic ray spectrum up to energies 1020 eV.

1.2.1 Diffusive Shock Acceleration

The first particle acceleration mechanism was proposed by E. Fermi in 1949 [35].
The first order Fermi acceleration or diffusive shock acceleration describes the ac-
celeration of charged particles in the vicinity of strong shock waves. In his model,
Fermi used stochastic means to explain how particles colliding with clouds in the
interstellar medium could be accelerated to high energies. Supernova remnants were
considered as cosmic ray acceleration candidates right after their discovery in the
1930s. In the late 1970s, many authors, such as Bell (1978), adapted the Fermi
acceleration to the supernova shocks (for a review see [36] [37]).
Suppose a strong (supersonic) shock wave of relativistic particles propagating through
a diffuse plasma medium at velocity U . Non-thermal particles are moving at rela-
tivistic velocities, and the shock is moving non-relativistically [38]. The plasma in
front of the shock is referred to as the unshocked plasma (or upstream medium) and
the plasma behind the shock as the shocked plasma (or downstream medium).
Let us first consider the flow of the interstellar gas in the vicinity of the shock front.
The upstream gas enters the shock front at a velocity v1 = U and leaves it at a
velocity v2. Applying the continuity equation and asking for mass conservation,
the densities and velocities of the gas are related by ρ1v1 = ρ2v2. In the case of
strong shocks in a fully ionized or monoatomic gas, ρ2/ρ1 = (γ + 1)/(γ − 1), where
γ = 5/3 is ratio of the specific heat capacities of the gas. Hence, the gas leaves the
downstream at a velocity v2 = 1/4U (as shown in Figure 1.2 left).
Secondly, let us consider high energy particles in the rest frame of the upstream
medium (Figure 1.2 middle). The shock advances through the medium at velocity
U whereas the gas behind it travels at 3/4U . Particles crossing the shock will get
scattered by the turbulences behind the shock, become isotropic with the down-
stream and gain an increase of ∆E in energy.
Now, let us consider the process in the rest frame of the downstream medium. The
particles are diffusing from downstream to uptream medium, encounter again gas
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shock front

shock front upstream downstreamrest frame:

upstream −U

−1/4U 3/4U

1/4U

downstream

U

−3/4U

+ ∆

+ ∆

E

E

Figure 1.2: Schematic of Fermi acceleration in a strong shock wave. The dynam-
ics of high-energy particles in the rest frames of the shock front, the
upstream and downstream medium. (Left): Rest frame of the shock
front; the upstream gas is moving with velocity v1 = U and the shocked
plasma with velocity v2 = 3/4U . (Middle): Rest frame of the upstream
medium; particles from downstream are moving with velocity of 3/4U .
(Right): Rest frame of the downstream medium; particles from the
upstream are advancing with velocity 3/4U . Everytime particles cross
the shock, there is a gain of energy by ∆E (shown in blue and orange
lines). Image courtesy [39].

moving towards the shock front with velocity 3/4U . Hence, the particles crossing
the shock from downstream to upstream will undergo the same increase of ∆E in
energy, as when they cross in the opposite way. Regardless of the way the particles
enter the shock front, there will be always an increase of ∆E in energy. In the case
of a shock front, the energy is transferred to the particles via head-on collisions.
It can be shown that the average energy gain after crossing the shock is 2V/3c.
Hence, the total energy after a round trip across the shock and back again is:〈

∆E

E

〉
= 4

3
V

c
(1.2)

with V = 2/3U , the relative velocity of the upstream and downstream medium. If
the particle energy increases by a factor of β after a crossing, the new energy of the
particle is E = βE0 and the probability that the particle remains in the shock after
one collision is P . After k collisions in the acceleration region, there are N = N0P

k

particles with energies E = E0β
k (for more details see [40]).

From this, the number of particles is N(≥ E) = N0(E/E0)lnP/lnβ. Since β = 1/P ,
this implies β > 1 (energy gain). The spectral index depends on the compression
index in the strong shock since lnP/lnβ = −1. The energy spectrum of the high
energy particles is found to be of the following form:

dN
dE ∝ E−2. (1.3)
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What is necessary to obtain a spectral index of ∼ 2, is that the acceleration happens
in the vicinity of a strong shock. There is evidence of strong shocks in astrophysical
sources such as supernova remnants, active galaxies and the extended components
of extragalactic radio sources.

1.2.2 Sites of Gamma-Ray Emission

Several sources are considered as possible sites of cosmic ray particle accelerators
in the Universe. A limit on the maximum energy a particle accelerator can achieve
can be set from its size and typical magnetic field values [41]. The gyroradius rg is
the radius of the motion of a particle in a uniform magnetic field B. The condition
to contain the particles in a source of size R so that they can be accelerated is that
the gyroradius rg must be smaller than R. Thus, the maximum energy that an
accelerator can achieve is estimated to be:

Emax = ZeβcBR, (1.4)

where Ze is the electric charge of the particle and βc its velocity. Accordingly, the
maximum energy is proportional to the magnetic field and size of the source and
to the charge of the cosmic ray particle. The possible cosmic ray emission sites as
function of the magnetic field and of the average size are shown in Figure 1.3. The
diagonal lines correspond to the minimum B and L required for the acceleration of
protons of 100 EeV (1020 eV) and 1 ZeV (1021 eV).
It is remarkable that cosmic ray acceleration can take place in different astrophysical
sources at very different sizes, from neutron stars up to galaxy clusters.

1.3 Origin of Cosmic Gamma Rays

Very-high-energy gamma-rays are product of the interaction of charged particles
with ambient matter or electromagnetic fields, e.g. synchrotron radiation or inverse
Compton scattering. The charged particles themselves have firstly been accelerated
to ultra-relativistic energies by the electromagnetic fields of the very-high-energy
emitting sources or via diffusive shock acceleration processes. The emission pro-
cesses responsible for producing energetic gamma rays are classified as leptonic and
hadronic origin, based on the type of charged particles involved. Gamma rays from
hadronic interactions are of great interest since they can be used as a bridge to
discover the origin of cosmic rays. A brief description of the hadronic and leptonic
processes resulting in the production of very-high-energy gamma-rays is given in the
following.

1.3.1 Hadronic Origin of Gamma-Rays

Inelastic proton-proton (pp) and proton-nuclei (pN) collisions are the two main
processes responsible for producing gamma rays from hadronic interactions. For
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Figure 1.3: Hillas plot showing possible sources of proton acceleration for E =
100 EeV and E=1 ZeV. The linear size R of different sources is plot-
ted versus the magnetic field B in order to accelerate particles up to
E ∼ 1020 eV . The diagonal line correspond to the maximum reachable
energy by a population of sources. Image courtesy [41].

inelastic pp interactions:

p + p→


p + p + π0

p + n + π+

p + p + π+ + π−
(1.5)

and for pN interactions:
N + p→ X + π0. (1.6)

The pN interactions can also produce charged muons.
The neutral pions with a short lifetime of 8.4 × 10−17 s [42], decay predominantly
into two photons:

π0 → γ + γ. (1.7)
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Charged pions decay into muons and neutrinos:

π+ → µ+ + νµ → e+ + ν̄µ + νe + ν̄µ, (1.8)

π− → µ− + ν̄µ → e− + νµ + ν̄e + νµ. (1.9)

The last equations show the connection between neutrino physics and gamma-ray as-
tronomy [43]. The energy threshold for the production of pions π0 from pp collisions
is ≈ 280 MeV (for mπ = 135 MeV).
Regions of space filled with dense gas and ambient material with relativistic protons
can produce highly energetic pions, which in turn produce very-high-energy gamma
rays. Observations indicate that gamma rays from the Milky Way disk and super-
nova remnants are most likely produced in hadronic interactions. An interesting
way to trace the acceleration of cosmic ray protons is the study of high-energy emis-
sion from young supernova remnants (see Section 1.4.1), as hadronic interactions
are most probable to take place in their environment.

1.3.2 Leptonic Origin of Gamma-Rays

Electrons accelerated to high-energies radiate high-energy photons via synchrotron
radiation or upscatter ambibient photons via inverse Compton scattering. These
two, together with bremsstrahlung (to a lesser extent) are the main radiation pro-
cesses at very-high-energy astrophysics. A brief description of them is given next.

1.3.2.1 Bremsstrahlung

Electrons traversing the electric field of a nucleus produce electromagnetic radiation.
During this process, the electron transfers energy to the nucleus, is decelerated
and emits radiation which is called “braking radiation”, or bremsstrahlung. The
electrons have an average energy loss rate dEe/dt ∝ Ee. The characteristic time for
energy loss by bremsstrahlung for electrons with energy Ee, in an ambient with gas
density n is:

tbr = Ee
−dE/dt ≈ 4× 107

(
n

1 cm−3

)−1
yr. (1.10)

Thus, bremsstrahlung losses do not modify the shape of the electron spectrum.
The emission of the astrophysical sources at very-high-energies is dominated by the
synchrotron or inverse Compton radiation.

1.3.2.2 Synchrotron Radiation

Synchrotron radiation is emitted when a charged relativistic particle spirals around
strong magnetic fields. This synchrotron radiation of ultra-relativistic electrons is
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responsible for the emission observed in many astrophysical sources. The average
radiation rate loss of an electron by synchrotron radiation is given by:

−
(

dE
dt

)
= 4

3σT cUmag

(
v

c

)2
γ2
e , (1.11)

where γe is the Lorentz factor of an electron moving at a speed v, σT = 8π
3 r

2
e
2 is

the Thomson scattering cross-section and Umag = B2/2µ0
3 is the energy density of

the magnetic field. The lifetime of electrons losing their energy due to synchrotron
emission is:

ts = Ee
−dE/dt ≈ 1.3× 1010

(
Ee

1 GeV

)−1 ( B

1 ·G

)−2
yr. (1.12)

Synchrotron radiation is likely the source of X-rays and low-energy gamma rays in
the Fermi-LAT regime, but to explain very-high-energy radiation with it requires
unrealistic energies and strong magnetic fields.

1.3.2.3 Inverse Compton Scattering

Inverse Compton scattering happens when high-energy electrons upscatter photons
of the ambient radiation fields to very-high energies: e+γtarget → e+γ, where γtarget
are the target low-energy background photons and γ is the upscattered photon.
Relativistic electrons can collide with target photons from the cosmic microwave
background, infrared or optical stellar radiation, or even synchrotron photons and
upscatter these photons up to GeV energies or even higher. The high-energy gamma
rays created by inverse Compton scattering are the only purely leptonic processes of
very-high-energy gamma rays. This can help to understand the emission from active
galaxies, gamma-ray bursts and some supernovae. The unpolarized Klein-Nishina
differential cross-section, obtained from quantum electrodynamics:

dσ
dΩ = 3

16πσT
(
εf
εi

)2
(
εf
εi

+ εi
εf
− sin2θ

)
(1.13)

The final photon energy in the electron rest frame is:

εf = εi
1 + εi

mec2 (1− cosθ) (1.14)

After integrating over all angles in Equation 1.13, the total Klein-Nishina cross-
section is:

σIC = 3σT
4x

[
1 + x

x3

(
2x(1 + x)

1 + 2x − ln(1 + 2x)
)

+ 1
2x −

1 + 3x
(1 + 2x)2

]
, (1.15)

with x = εi/mec
2.

2re is the electron radius
3magnetic constant in the MKS system
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If this energy is small compared to the electron rest mass, the photon is scattered
at a different angles but the energy remains unchanged (εi ' εf ). This is known as
the Thomson regime and the differential cross-section is reduced to:

dσ
dΩ = 3

16πσT (1 + cos2θ) (1.16)

For low energy photons (εi << mec
2), the total cross-section is reduced to the

Thomson cross-section:
σIC ≈ σT (1− 2x) ≈ σT (1.17)

In the so-called Klein-Nishina regime, when photons are of low energy but the elec-
trons move at relativistic energies with x >> 1, the process is no longer treated as
continuous but as discrete. The total inverse Compton cross-section becomes:

σIC ≈
3
8σT

1
x

(
ln 2x+ 1

2

)
(1.18)

When photons have much larger energies than me, the cross section falls quite
rapidly (the “Klein-Nishina regime”). Even though the inverse Compton scattering
also happens with nuclei, this can be neglected since rate of proton interactions
is suppressed by a factor of (me/mp)2 with respect to electrons. In each case, it is
important to estimate the energy loss of electrons by the inverse Compton scattering.
In the Thomson regime, the electrons lose energy by inverse Compton:

−
(

dE
dt

)
= 4

3σT cγ
2Uph. (1.19)

From this equation together with Equation 1.11 for the synchrotron radiation, the
following relation can be found:

PIC
Psynch

= Uph
UB

. (1.20)

The ratio of the inverse Compton and synchrotron emission is equal to the ratio of
the radiation field over magnetic field energy density.
In the so-called Synchrotron Self-Compton (SSC) scenario high energy electrons
upscatter the synchrotron background photons that they emit themselves and pro-
duce inverse Compton radiation. This is the most common model used for modeling
the emission of the relativistic jets in active galactic nuclei.
Multi-wavelength observations of very-high-energy emitting sources show the pres-
ence of double-hump in the Spectral Energy Distribution (SED). Leptonic scenarios
are commonly used to explain the double-hump structure of the SED since the syn-
chrotron and inverse Compton trace the same electron population emitted by a
source. The first peak is attributed to the synchrotron emission, whereas the high-
energy peak is due to the inverse Compton.
The observations of the current generation of gamma-ray instruments reveal a large
number of sources emitting very-high-energy gamma rays. In the following the
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main sources emitting very-high-energy gamma rays, their main characteristics and
possible acceleration mechanisms are covered.

1.4 High Energy Gamma-Ray Sources

The third Fermi-LAT catalog (3FGL), produced with four years of data, lists 3033
gamma-ray sources detected in the energy range from 100 MeV to 300 GeV [44].
This survey show that blazars, a type of active galactic nuclei, are the dominant
source class among all other sources (Figure 1.4a) and pulsars the most abundant
sources in our Galaxy.

BL Lac

15.8%

FSRQ 11.6%

other

72.6%

(a)

BL Lac

23.5%

FSRQ 2.1%

other

74.4%

(b)

Figure 1.4: (a) The total sources detected by Fermi-LAT instrument in percentage,
plotted together with the BL Lac and FSRQ type sources which belong
to blazar source class. (b) Total sources detected in TeV show the
majority belong to the BL Lac source class, a subclass of active galactic
nuclei. The GeV and TeV sky is populated mainly by BL Lac type
objects. Plotted with data from [45].

Blazars are subdivided as BL Lacs and Flat Spectrum Radio Quasars (FSRQ).
Recent observations with the current generation of imaging atmospheric Cherenkov
telescopes reveal that blazars represent the majority of the TeV sources (see Figure
1.4b) and pulsar wind nebulae are the most abundant TeV source class in the galactic
plane (refer to [45] for the latest updates). In the following the main gamma-ray
sources are introduced. Two main source classes, used for the work presented here
are active galaxies nuclei and pulsar wind nebulae, which are described in more
detail.

13



Chapter 1 High-Energy Gamma-Ray Astronomy

1.4.1 Supernova Remnants

Supernova Remnant (SNR) is a common name for sources created either from the
collapse of a massive star or from the explosion of a white dwarf. The first type of
SNRs is the outcome of the collapse of a massive star at the end its lifetime, when
the star cannot withstand its own gravitational force. The second type is created
from the explosion of a carbon-oxygen white dwarf in a binary system that has
accumulated enough matter from its companion star to exceed the Chandrasekhar
limit [46].
The term “super-novae” was first introduced in 1934 in the historical papers of Baade
and Zwicky, published a few years after the discovery of cosmic rays. They also
proposed supernovae as candidates of cosmic rays and linked supernova explosions
with the formation of neutron stars [8, 47]. Ever since, SNRs are of great interest
as they are considered as the prime candidates for galactic cosmic ray acceleration
up to at least 1015 eV (see [48] for a review). This paradigm is supported by the
observed energy density of cosmic rays with the one of thermal gas or magnetic fields
in our Galaxy. However these connections are not fully understood.
The study of SNRs across the electromagnetic spectrum has helped to better un-
derstand the acceleration scenario picture. SNRs exhibit shock fronts (shells), that
can accelerate charged particles up to high-energies, hence they offer a unique lab-
oratory to study the hadronic origin of gamma rays from pp collisions (introduced
in Section 1.3.1).
Recent observations carried out by the state-of-art experiments in gamma rays have
increased the sample of gamma-ray detected SNRs. They reveal that gamma-ray
emission is associated with a large variety of SNRs, from young shell-type SNRs up
to evolved SNRs interacting with molecular clouds and historical SNRs.

(a) (b)

Figure 1.5: (a) The gamma-ray excess map of the known shell-type SNR RX
J1713.7-3946 as measured by H.E. S. S. Image courtesy [49]. (b) First
extension measurement of the Crab Nebula at very-high-energies by
H.E. S. S. Image courtesy [50].
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Young SNRs are the best candidates to study the acceleration of cosmic ray protons
through their interaction with the surrounding molecular gas. This may help to
establish the possible proton acceleration to very-high-energies. The young SNR
RX J1713.7-3946 was resolved in gamma-ray at TeV energies by the H.E. S. S. ex-
periment for the first time ever. It has the largest surface brightness among other
SNRs, which allows to study the morphology and spatially resolved spectra of such
very-high-energygamma-ray sources (Figure 1.5a). The measured spectrum up to
100 TeV demonstrates that the particle acceleration goes beyond these energies in
the shell of the source.
However, the origin of the gamma-ray emission is still under debate and it could be
hadronic, leptonic or a mixture of them. For instance, a pion-decay feature signature
was reported in the gamma-ray spectra of two known SNRs, IC 443 and W44 [51].
On the other hand, correlation studies between the X-ray and gamma rays are in
favour of leptonic models [52]. In order to better understand and complete the
acceleration scenario, better angular resolution instruments are required to resolve
the emission at very-high-energies.

1.4.2 Pulsars and Pulsar Wind Nebulae

A Pulsar Wind Nebula (PWN) consists of a pulsar and the wind nebula, a flow of
relativistic particles in the vicinity of the pulsar. The center of engine is the pulsar, a
fast rotating neutron star created in supernova events. The particles are accelerated
up to very-high-energies in the electromagnetic fields in the proximity of the pulsar.
The neutron star rotational axis is misaligned with respect to the magnetic axis. As
the neutron star rotates, co-rotating cones of light are emitted and a pulsed beam
of radiation is seen when crossing the observer’s line-of-sight on Earth. After being
accelerated, the particles move freely within the cylinder cone along the ordered
magnetic field and are advected downstream from the shock. These particles create
an ultra-relativistic cold wind. Due to the rotation of the pulsar, the magnetic field
lines also move and expand in a toroidal pattern.
The equilibrium point is reached when the ram particle wind is balanced by the
pressure of the particles in the surrounding nebula. After the shock termination,
the magnetic field lines are opened and the particles are accelerated in the presence
of the magnetic field and emit synchrotron radiation.
Several models of pulsar magnetospheres are proposed [53]. The full scenario of
the PWN particle acceleration is still under debate and the exact place of particle
acceleration unresolved (for a review see [54, 55]).
It is commonly assumed that the non-thermal emission of PWNe is of leptonic
origin. The hadronic induced emission is unlikely, as it would require dense target
material nearby, e.g. a molecular cloud. The leptonic scenario is favoured because
the material is swept away from the pulsar since the supernova explosion.
The prototype of the entire PWNe class is the Crab Nebula, one of the best stud-
ied object in the sky. The detection of pulsed emission from the Crab Nebula at
TeV energies has challenged the current theoretical emission models of pulsars [56].
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Furthermore, the detection of flux variations at GeV energies by the Fermi-LAT
experiment was unexpected and asks for more complex models to explain these
observations. H. E. S. S. has measured for the first time the extension at the very-
high-energies [50]. Chapter 5 covers the Crab Nebula in more detail.

1.4.3 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are active core galaxies with a central supermassive
black hole4. The accretion of matter into the black hole powers ultra-relativistic
jets in form of collimated outflows. The presence of relativistic jets is an important
feature of AGNs since they transport energy and momentum from the black hole up
to Mpc5 scales or even further away. Emission from active galaxies is detected all
wavelengths, from radio up to gamma rays for the most energetic objects.
Contrary to normal galaxies, active galaxies exhibit flux variability detected at all
energy bands. Their flux can vary on time scales of years down to minutes, as
variability studies of PKS 2155-304 from the H.E. S. S. collaboration show [57].
From causality arguments, the emission from a region of size R cannot vary on
time scales shorter than the time needed to cross this region at the speed of light
i.e R/c. This is used to sets limits on the size and on the relativistic boost of the
emitting region (Doppler factor). Observations in gamma rays show that in the jet,
particles are accelerated to ultrarelativistic energies reaching Doppler factors greater
than 100.
High luminosity stands as another distinctive characteristic of AGNs. Even though
active galaxies are distant extragalactic sources, they can sometimes outshine other
stars and galaxies. For example, the quasar 3C 273 at a distance of z = 0.158 (2.4 Gly)
is a bright source in the sky. Back in 1960’s, it was surprising to discover that 3C
273 is an extragalactic source with such brightness.
AGNs are known to produce very high luminosities in very compact volumes. Their
luminosity can range from 1040 erg s−1 for some nearby galaxies up to 1048 erg s−1

for some distant quasars. Figure 1.7a illustrates the Centaurus A galaxy including
its prominent jet and Figure 1.7b shows the jet of the famous quasar 3C 273.
In the AGN unification model proposed in 1995 by Urry and Padovani, the different
active galaxies are classified based on inclination of the jet towards the observer on
the Earth [58]. Based on this classification scheme, when looking down-jet, we see a
so-called blazar as shown in Figure 1.6. Blazars are classified based on the presence of
emission lines as BL Lacertae (BL Lac) and Flat Spectrum Radio Quasars (FSRQ).
Most blazars, detected at TeV energies are of BL Lac type. Recent observations
reveal thet from all AGN types, blazars are the most abundant sources detected at
GeV and TeV energies (see Figure 1.4).
Very-high-energy gamma rays emitted from extragalactic sources are subject to ab-
sorption by the Extragalactic Background Light (EBL) when propagating over cos-
mological distances. High energy photons are destroyed from pair-production with

4SMBH; MSMBH > 106 M�
51 Mpc = 3.09 · 1019 km
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Figure 1.6: Active Galactic Nuclei unification model as described by Urry and
Padovani [58]. The classification is based on the orientation of the jet
with respect to the observer line-of-sight. If the observer is looking
down the jet, it sees a blazar (BL Lac or FSRQ).

(a) (b)

Figure 1.7: (a) Overlay of the Centaurus A galaxy with the prominent dust lanes
and the emerging jet. Image courtesy: optical and radio image (VLA 6
cm), STScI/NASA. (b) The jet of the blazar 3C 279. Image courtesy:
VLBA, 1.7 GHz.

17



Chapter 1 High-Energy Gamma-Ray Astronomy

the low-energy photons of the EBL, resulting in energy attenuation of the photon
density. The mean free path is used to quantify the free length of a photon without
any interaction. The free path of the very-high-energy photon before interacting
depends on the primary energy of the very-high-energy photon coming from the
source. Higher energy photons have a shorter free path length than lower energy
ones. The opaqueness of the Universe to the very-high-energy gamma rays leaves
an imprint in the spectra of these sources which is used to set limits on EBL from
measurements. Blazars detected by H.E. S. S. have been used to determine the EBL
level [59].
A particular case of rapid flux variations and luminous flares is found when studying
the gamma-ray variability of the BL Lac object B2 1215+30 over five decades in
energy which is presented in Chapter 4.

1.4.4 Other Sources

The list of gamma-ray emitters also includes other types of source classes and uniden-
tified sources. More sources are found interesting for the studies at the very-high-
energy regime. The one presented here are a pickup of the author.

Binary Systems

A majority of 70% of the stars found in our Galaxy form either a binary system with
one companion or live in more complex systems (see Figure 1.8 as illustration) [60].
These systems include gamma-ray binaries and microquasars (MQs).

(a) (b)

Figure 1.8: (a) Artistic illustration of a millisecond pulsar and its companion. The
pulsar is accreting material from its companion star and increasing its
rotation rate. (b) Globular cluster. Images courtesy: ESA.

Both are found to be variable at gamma rays and in some cases periodic. Binary
systems consist of a compact object, either a neutron star or a stellar-mass black
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hole, and a massive O or B-type star. MQs are binary systems emitting in X-rays
and with extended radio emission [61].

Globular Clusters

Globular clusters are regions with extremely high star densities (Figure 1.8). They
host the most evolved and oldest stellar populations of our Galaxy. Their gamma-
ray emission can originate from the numerous millisecond pulsars or from inverse
Compton scattering of relativistic electrons accelerated in the globular cluster. From
the analysis performed with the H.E. S. S. data, no point-like or extended emission
was detected [62]. These regions are also considered as potential targets for dark
matter searches [63].

Molecular Clouds

Although Molecular Clouds are not gamma-ray sources, they are interesting for
gamma-ray astronomy as interaction targets for cosmic rays accelerated at SNRs
and important to study the gamma-ray diffuse emission [64].

Gamma-Ray Bursts

Gamma-RayBursts (GRBs) are the most energetic events in the gamma-ray regime.
They are the most luminous, highly-relativistic events, lasting from few milliseconds
up to hundreds of seconds. They are divided in short and long GRBs and can be
result of the merging of compact objects or the gravitational collapse of a massive
star. No GRB has been detected by the H.E. S. S. experiment so far [65].

1.5 Summary

In this chapter, the gamma-ray astronomy above 100 MeV was introduced. The basic
radiative processes responsible for producing energetic gamma rays were described
briefly. Possible sites of cosmic ray acceleration can be neutron stars up to galaxy
clusters. The exact picture for cosmic ray acceleration is not known but some
scenarios, such as the Fermi acceleration are considered as possible mechanisms
for powering the non-thermal emission. The main gamma-ray sources and their
characteristics were covered. Observations show that blazars are the most abundant
source classes at GeV and TeV energy range and PWNe the most abundant source
type in the Galaxy. In the past decade, the understanding of the high-energy sky has
changed from breakthrough discoveries of the state-of-the-art experiments. Beside
all the achievements, the cosmic ray picture is not complete and fully understood.
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Chapter 2

Detectors for High-Energy
Gamma-Ray Astronomy
The high-energy processes accelerating particles the in Universe can be studied indi-
rectly through the detection of gamma rays produced by interactions with interstellar
medium or radiation fields. High-energy gamma rays interact with matter via well-
understood quantum electrodynamics processes. Thus, the properties of gamma
rays, like energy and direction can be reconstructed by detectors that “see” the sec-
ondary products. By reconstructing the directions of the incoming gamma rays, one
can locate the emission sites and perform morphology studies. The reconstructed
energy gives information on the emission power of astrophysical sources. The ob-
served flux provides important information to study and understand the particle
acceleration mechanisms powering particles to such high energies. Sophisticated de-
tection techniques along with continuously advancing reconstruction methods are
essential to study the most extreme form of radiation coming from the non-thermal
Universe.
In gamma-ray astronomy, space satellites detect and locate high-energy emission
sites by directly exploiting the interactions of gamma rays with dense materials, e.g.
in Fermi-LAT or AGILE. At energies E > 30 MeV, pair production is the dominant
photon interaction process in most materials. A pair conversion instrument typically
uses a thin foil of dense metal to convert incoming gamma rays, and a calorimeter
with a tracker to measure the energy of the resulting electrons. This is a robust
technique for reconstructing energy, direction and arrival time of gamma rays with
energies from MeV to GeV. At energies above 1 TeV, the gamma-ray fluxes are
low and large collection areas are required. Building and sending large collection
area detectors to space is complicated and challenging due to the launch vehicles
required. Hence, ground-based experiments are better suited at those energies.
When energetic gamma and cosmic rays reach the Earth’s atmosphere and interact
with its molecules, they initiate an extended air shower of secondary particles. With
the atmosphere acting as a calorimeter for the energy deposition of a very-high-
energy particle, ground-based detectors can detect secondary particles produced
during this process. The Cherenkov light produced during the extensive air showers
can be detected with Imaging Atmospheric Cherenkov Telescopes (IACT). The
Whipple telescope, the first successful IACT, was a leap in the development of the
technique, which is currently employed by the MAGIC, VERITAS and H.E. S. S.
experiments.
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In this Chapter, the basic principles of high-energy gamma-ray detectors are de-
scribed. After describing briefly the photon interaction processes in matter in Sec-
tion 2.1, the main principles of the Fermi-LAT detector are given in Section 2.2.
The basic concepts of gamma-ray detection from ground are described in Section 2.3
and the properties of extensive air showers are described in Section 2.4. A historical
review on the Cherenkov technique, its application in high-energy gamma-ray as-
tronomy and present and future ground-based gamma-ray experiments are discussed
in Section 2.5. A short summary of the chapter is given in Section 2.6.

2.1 Space Detectors

The Earth is opaque to gamma rays, preventing a direct measurement from the
ground. The properties of high-energy radiation coming from the Universe can
therefore only be studied directly from satellites sent above the atmosphere. These
instruments are designed to detect and locate sites of high-energy gamma rays emis-
sion using the interaction properties of gamma rays with dense materials. The
gamma rays with energies E ≥ 1.022 MeV can be converted to massive particles
near an atomic nucleus via the electron pair production process in accordance with
Einstein’s mass-energy equivalence principle (γ + N→ e+ + e− + N). Pair produc-
tion is the dominant photon interaction process at high-energies (E > 100 MeV)
for most materials [66] [6]. A space-borne pair creation telescope is therefore the
instrument of choice for detecting gamma rays above approximately 100 MeV. Using
a high Z material, a large fraction of high-energy photons can be converted. Fig-
ure 2.1a shows the photon interaction probability for pair production and Compton
scattering in lead.

(a) (b)

Figure 2.1: (a) Interaction probability in radiation length of photons as function
of energy W in eV in lead material, with σp and σc the probability
of pair creation and Compton scattering. Image courtesy [67]. (b)
Schematic construction of EGRET, the predecessor of the Fermi-LAT
satellite. The main parts of the detector are given to be compared to
the Fermi-LAT. Image courtesy [68].
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The detector on board the satellite has to identify gamma-rays against a large rate
of background charged particles (cosmic rays) coming from all directions. To reject
the cosmic ray background, a plastic scintillator anti-coincidence detector serving as
"veto" (SAS-2[20], COS-B [69], EGRET/CGRO [68] and Fermi-LAT [70]) is placed
in the outer part of the satellites. It detects the passage of charged particles. Once
the gamma ray has converted in the detector, its arrival time, energy and direction
is extracted from the electron pair properties. Figure 2.1b shows the schematic
construction of the EGRET satellite, which provided a comprehensive view of the
gamma-ray sky, by producing also the first all-sky map in gamma rays. The successor
of EGRET, the Fermi-LAT satellite is based on similar technologies but uses silicone
tracker instead of spark chamber.
Measuring the polarization of the gamma ray could give important information
about the astrophysical sources, but this is not realized by space detectors so far.
Future space satellites, using time projection chambers, are being designed in a way
that provides also this information (see [71]).
The current gamma-ray state-of-the-art instruments from space are Fermi-LAT and
AGILE. The former is used for performing part of the work presented in this thesis
and is described next.

2.2 The Fermi Large Area Telescope

The Fermi Gamma Ray Space Telescope (Fermi) mission was launched on 2008 June
11, with two instruments on board; the Large Area Telescope and the Gamma-Ray
Burst Monitor (GBM). The Fermi spacecraft is shown in Figure 2.2. The GBM
instrument is used to monitor and study transient phenomena in the Universe e.g.
Gamma-Ray Bursts [72]. The LAT is a pair-conversion telescope detecting gamma
rays with energies from 20 MeV up to more than 500 GeV, an energy band that had
only partially been explored by previous space satellites.

Figure 2.2: Fermi spacecraft with two instruments on board: the Large Area Tele-
scope and the Gamma-Ray Burst Monitor. Image courtesy: NASA.

The LAT has a large field of view of 2.5 sr, corresponding to 20% of the sky at every
instant. The Fermi-LAT is mainly observing in survey mode where it can scan the
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entire sky every three hours making two orbits in a zenith-pointing mode, rocking
at 35◦ north and south of zenith on alternating orbits. The LAT can also observe
in pointing mode when required e.g. for Target of Opportunity (ToOs) events.
The Fermi-LAT, originally planned for five years of operation is now close to its
10th successful operation year. Its main science goals are listed below:
• Monitoring fast transients events from GRBs and variable sources.
• Complete coverage of the high energy sky.
• Measure spectra with extended energy range, from ∼ 20 MeV to 500 GeV.
• Localization of point sources i.e pulsars, blazars, new source types.
• Extension studies in sources like SNRs, molecular clouds or nearby galaxies.
• Dark matter searches.
• Diffuse isotropic gamma-ray emission studies.

The Fermi-LAT is the successor of the EGRET telescope, with better sensitivity and
performance compared to previous missions [25]. The reason for this is a combination
of a better detector and reconstruction techniques. The LAT detector is based on
principles of high-energy particle detectors as described below.

2.2.1 Principles of the Large Area Telescope

A high-energy gamma-ray hitting a high Z material is converted into an electron-
positron pair, which in turn create a cascade of secondary particles, called particle
shower, until the energy is completely absorbed by the material. The energy of the
primary particle is transferred to the new particles created during the shower devel-
opment with minimum losses until ionization starts to be dominant. Measuring all
the energy deposited during the shower development is equivalent to measuring the
energy of the primary particle which initiates the shower, in this case the gamma-
ray. The determination of the gamma-ray direction is done by reconstructing the
trajectories of the electron/positron pair created in the first step of the shower devel-
opment. These two important parameters are reconstructed using a tracker, which
can reveal the path of electrically charged particles, and a calorimeter which mea-
sures the energy deposited during the shower development. The electromagnetic
calorimeter is typically segmented transversely and consists of layers of high den-
sity material. The aim of the calorimeter is to measure the energy deposition and
the development profile of the electromagnetic shower. In order to have a precise
reconstruction of the shower, the electromagnetic calorimeter is in conjunction with
a tracker.
The Fermi-LAT instrument detects the gamma rays by converting them into an
electron pair in tungsten foils and following their trajectories using a silicon tracker.
When a high energy gamma-ray hits the detector, it traverses the silicon tracker until
it interacts with one atom from the thin tungsten foils. After this, the gamma-ray
generates a particle shower by firstly converting into an electron pair, and the energy
of each electron is deposited and can be measured in the electromagnetic calorimeter.
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(a) (b)

Figure 2.3: (a) Schematic view of the Fermi-LAT cutaway where the three main
parts of the detector are shown. (b) Cosmic gamma rays after hitting
the silicon tracker get converted into an electron/positron pair. The
energy released is measured in the calorimeter. Image courtesy: NASA.

The development of the electromagnetic shower in the electromagnetic calorimeter
depends on the direction and energy of the gamma-ray hitting the detector. The
segmented calorimeter is designed to allow the profile of this energy deposition to
be measured, for a better discrimination and for a long duration.
In the energy range of the Fermi-LAT, the charged cosmic ray flux is about 105

times higher than that of the gamma rays. To maximize the charged cosmic ray
background rejection, the Fermi-LAT detector is composed by three main systems:
the silicon tracker, the calorimeter and the AntiCoincidence Detector (ACD) (see
Figure 2.3). All these parts are combined in the optimal way to reject the largest
part of the background. To shield the detector from charged cosmic rays, the ACD
is placed in the outer part. In the next sections, the basic principles of each sub-
detector part are described, starting from the outermost one.

2.2.2 The Anticoincidence Detector

The main source of background for the Fermi-LAT satellite are the charged cosmic
rays that hit the detector at much higher rates than the gamma rays. The ACD is
made of plastic scintillator tiles and veto responses to the passage of charged parti-
cles. It was designed under two main requirements; to have high (0.9997) detection
efficiency for charged cosmic rays and to suppress self-vetos caused by the backsplash
effects. The later effect is encountered in instruments with massive calorimeters,
from where a small fraction of secondary particles from the electromagnetic shower
go backwards through the tracker and cross the ACD. False vetos are created from
the recoil electrons, resulted from Compton scattering of these particles with the
ACD material. This effect limited the performance of the EGRET instrument when
it caused false vetos yielding low detection efficiencies for E > 1 GeV [25]. In order
to suppress the backsplash effect, the LAT team segmented the ACD in 89 tiles of
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different sizes and only the segment on the trajectory of incident particle is consid-
ered. With only one segment of the ACD contributing in the backsplash, this effect
is dramatically suppressed (for more details on the LAT ACD see [70]).

2.2.3 The Tracker

The tracker system of Fermi-LAT is the central part of the detector, located between
the ACD and the calorimeter. The tracker is made of 16 planes, each with a high
Z tungsten converter foil and two layers of silicon strips oriented at 90 degree to
each other. The tracker can measure the path of the electron pair into which the
gamma-ray converts. More details about the LAT are found here [73].

2.2.4 The calorimeter

The role of the calorimeter is to measure the energy deposited by the electron
pair resulting from the converted gamma-ray. The LAT calorimeter is made out
of 96 CsI(Tl) crystals arranged in 12 columns and 8 layers with a depth of 8.3
radiation lengths. PIN diodes are attached to each side of the crystal to read out
the scintillation light at both ends. The location and the energy deposit along the
crystals are given respectively from the ratio and the sum of these light signals at
the edges [74].

2.2.5 Data-Processing Pipeline

The Fermi-LAT was set on all-sky survey mode after the on-orbit in September 2009,
after the check-out and calibration period was completed [75]. In this observation
strategy, the normal to the front of the instrument is “rocked” to ± 50 degree, above
and below the orbital plane on alternate orbits. The orbital period is about 96
minutes and the full sky is observed with an almost uniform exposure after two
orbits. The “all-sky” survey is the primary observation strategy but also the pointing
observation mode is supported by the Fermi-LAT.
The data-processing pipeline of Fermi-LAT detector is designed to be prompt. The
data is reduced firstly onboard the Fermi-LAT. The online trigger and the LAT
software monitor the performance during nominal science data-taking. After the
trigger decision, on-board software filters are applied to classify events likely to be
used for calibration or scientific purposes [73] [26]. The events passing the filters are
then included in LAT data stream and transmitted to the Solid State Recorder for
transmission on the ground. The LAT data is downloaded every three hours and the
processing of the downlinked satellite is performed in a data time critical manner.
This procedure is done on a computer cluster for a fast and effective processing of the
data [76]. The events are reconstructed, filtered and classified into categories which
are characterized by their own set of instrument response functions. The LAT data,
together with the InstrumentResponse Functions (IRF) and point-spread functions
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are publicly released since August 2009. For this study the publicly available data
was used.
The LAT instrument is taking data continuously except during South Atlantic
Anomaly passages where the scientific data taking is disabled. Apart this, other
gaps on the data taking caused by other factors i.e. technical details, calibration
runs, instrument dead time are present. The live time i.e. the effective time to
the overall LAT exposure, is important to derive reliable results on spectra and
lightcurves for astrophysical sources.

2.2.6 Analysis Method

The standard analysis of the Fermi-LAT data is based on a likelihood framework.
The application of the likelihood method to photon-counting experiments in as-
tronomy was introduced in 1979 [77]. This method was successfully adapted and
implemented to analyze the data from the EGRET satellite [78]. The Fermi-LAT
standard analysis framework is similar to the one used for the EGRET data. In
the field of gamma-ray astronomy, the challenge is to detect the signal on top of
the background. Given the observations, a proper model that describes the data is
mandatory. A good background model is essential since it affects the accuracy of
the scientific results.
The LAT analysis technique uses a three-dimensional counts “map”, which contains
energy and position information for each event. Figure 2.4a shows an illustration
of a 3D map with squared pixels. The emission for a Region of Interest (RoI), is
parametrized by the superimposition of models describing different sources. Within
the RoI, each gamma-ray source is modeled by a spatial and spectral component.
The likelihood for a set of models describing the data is composed by the likelihoods
of the n individual bins in the map as follows:

logL =
n∑
i=0

log pi, (2.1)

where pi = λ
ni
i e−λi
ni ! is the Poisson probability of observing ni counts in pixel i when

are predicted λi. The logarithm is taken for computational time reasons.
Given the instrument limitations and imperfections, the source parameters like
energy, position and morphology are convoluted with the Instrument Response
Functions (IRFs). Thus, each model M within RoI has to account for the IRFs,
i.e. the probability to reconstruct an event with p′i for a photon with a true momen-
tum pi. The IRFs are usually derived from Monte Carlo simulations and split into
effective area, point spread function (PSF) and energy response. The effective area
(Aeff) is the detection probability of a given photon pi in units of cm2. The energy
response is the probability to reconstruct the energy E ′i of an event with true energy
Ei, and the PSF is the probability to reconstruct the direction (x′i, y′i) of a photon
with true direction (xi, yi).
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Suppose a source i located in the center of the map (see Figure 2.4a) and three
other sources around. These sources contribute as well in the observed counts from
the central source square. The probability to detect an event p′i originating from a
source parametrized by Mj is defined by convoluting the model components with
the IRFs and integrated over true photon attributes as follows:

Mj(p
′

i) =
∫

dx
∫

dy
∫

dE S(E, x, y) × IRF(pi, p′i), (2.2)

with S(E, x, y) being the source model as function of energy and direction. To
minimize the likelihood function of the form given in Equation 2.1, different min-
imization packages are available but for this work the MINUIT package was used.
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Figure 2.4: (a) Sketch of 3D maps used to perform data analysis with the Fermi-
LAT. The source i and other sources are marked with j = 1, 2, 3.
(b) The counts map of B2 1215+30 for a 15◦ radius RoI. The known
gamma-ray sources from the Fermi catalog are marked in green.

For the Fermi-LAT analysis, the latest software release, named Pass 8 was used.
This reconstruction technique is described here [79] and gives a better gamma-ray
acceptance compared to the previous one [80]. This allows to make analysis with
energy which up to 500 GeV. The gamma-ray acceptance for these software releases
is shown in Figure 2.5.
When point like sources are analyzed, a RoI with a typically radius of 15-20 degrees
is used (as shown in Figure 2.4b). In order to have the best parameter estimation
for a specific analysis, a proper background model is crucial. The background model
has to account for the emission of all the known gamma-ray sources located within
RoI, the diffuse and galactic emission. At Fermi-LAT energies, the diffuse emission
dominates the entire high energy gamma-ray sky, with the highest level of emission
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Figure 2.5: Comparison of the gamma-ray acceptance map for Pass 7 and Pass 8,
as indicated by the legend in the plot. Image courtesy [81].

Figure 2.6: The Fermi-LAT full sky map in aitoff projection in Galactic coordi-
nates. It shows the gamma-ray intensity for energies E > 300 MeV
produced from 48 months of observations. Image courtesy [82].

coming from the galactic centre. In Figure 2.6 and Figure 2.7, the full sky map
at energies E > 300 MeV and all the sources from the Fermi-LAT observations are
shown. On the first map one can see the Galactic diffuse emission along the galactic
plane. Further away from the galactic plane, the background is dominated by a more
isotropic emission. More details on this measurement can be found here [83, 84].
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The Galactic diffuse emission is represented by energy dependent sky maps whereas
the isotropic diffuse model depends only on the energy.
The FermiScienceTools is a likelihood analysis framework developed by the LAT
team and provided the publicly data analysis. The latest galactic and isotropic
diffuse models and the corresponding IRFs can be retrieved from the public Fermi-
LAT server, and used to define the background.

Figure 2.7: All sources detected from the Fermi-LAT using 4 years of data. The
majority of the sources detected are AGNs, whereas the PWN are the
most abundant source class in the Galactic plane. Image courtesy [44].

2.3 Ground-based Detectors

At energies above 100 GeV the photon fluxes of astrophysical sources decrease
rapidly with the energy. In this energy range the detection of gamma rays from space
becomes challenging since large collection area detectors are required. To study the
very-high-energy sky, ground-based detectors with large collection areas are used.
When high energy gamma rays arrive upon the Earth’s atmosphere, they interact
with the atmospheric nuclei, create the cascade of particles and emit Cherenkov
radiation (described in Section 2.4.3). Using the properties of the atmosphere as a
calorimeter for the energy deposition of a very-high-energy gamma-ray, detectors on
the ground detect the Cherenkov light produced during these process. Imaging at-
mospheric Cherenkov telescopes reconstructing the direction and energy of gamma
rays rely on telescopes large reflective areas, fine-pixelized camera and fast read-out
electronics. The flux of charged cosmic rays is higher than that of gamma rays,
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making the background suppression challenging. Using stereoscopic measurements
with more than one telescope offers an efficient method to distinguish gamma rays
from cosmic rays.
There are also ground-based experiments in gamma-ray astronomy that detect air-
shower particles by recording the Cherenkov light emitted when they pass through
water tanks. An example is the High Altitude Water Cherenkov (HAWC) exper-
iment, which consists of an array of 300 water tanks (7.3 m diameter and 4.5 m
height). The energy range covered by HAWC is from 100 GeV up to 100 TeV [85].
This detector is not restricted to night observations and is operating during all the
time. Describing the principle of these detectors is out of this thesis scope.
The current generation of Cherenkov telescopes in gamma-ray astronomy field in-
cludes the H.E. S. S., VERITAS and MAGIC experiments. The properties of air
showers created when high-energy particles interact in the atmosphere are impor-
tant to establish methods and variables to discriminate gamma-ray from cosmic-ray
induced showers. The basic properties of extensive air showers are given next.

2.4 Extensive Air Showers

High energy particles interact with atmospheric nuclei and initiate Extensive Air
Showers (EAS). An EAS is a cascade of particles created from collisions and decays
occurring during the shower development. Depending on the type of the particle
initiating the process, we distinguish EAS of electromagnetic and hadronic origin.
Given the rate of cosmic rays (mostly protons, arriving isotropically from outer
space) with respect to gamma rays, the majority of the EAS are of hadronic origin.
The study of EAS development and their intrinsic differences is important for the
discrimination between the two different EAS types.

2.4.1 Electromagnetic Showers

Electromagnetic showers are primarily initiated by energetic gamma rays or by elec-
trons. The main processes in the development of the electromagnetic showers are
pair production and the bremsstrahlung. Ionization loss of electrons becomes dom-
inant at lower energies. The majority of secondary charged particles are produced
via electron pair-production in the electric field of a nucleus. The bremsstrahlung
emission from electrons in the nucleus electric field is responsible for the creation of
further high-energy photons. Therefore, the energy of the primary particle initiating
an EAS is redistributed over many particles during the shower development in the
atmosphere. The amount of matter traversed by electrons and photons to undergo
one interaction is characteristic of the material. The material dependent radiation
length X0 is defined as the length scale over which the energy of a particle is reduced
to a factor 1/e during the shower development.
The energy E of a particle after traveling a given distance x is given by:

E(x) = E0e
−x/X0 (2.3)
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The radiation length for electrons emitting bremsstrahlung and for photons undergo-
ing pair production in the air are respectivelyX0 ' 37−38g cm−2 andXγ,0 = 9/7X0.
A simple model describing the shower development is the Heitler model, developed
in 1930s [86]. This model is simplified under these assumptions:

• pair-production and bremsstrahlung are the only dominant processes con-
tributing in the development of the electromagnetic cascade
• the radiation length X0 to undergo pair-production and bremsstrahlung are

equal
• the energy of each particle is distributed evenly at each step among the parti-

cles created from these processes

Figure 2.8 shows a schematic view of this model. Each particle splits into two new
particles after having traveled a thickness d = X0ln2.
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Figure 2.8: In (a) and (b) are shown the schematic view of an electromagnetic and
hadronic cascade, respectively. Image courtesy [86].

After n splitting lengths, at the thickness x = nX0ln2, the total of particles is
N = 2n = ex/X0 . The radiation becomes less important than collisional energy loss
when the particle energy is lower than the energy threshold for pair-production or
bremsstrahlung. This energy, where the bremsstrahlung and ionisation losses are
equal, referred to as the critical energy is equal to Ec = 85 MeV in air. The depth
at which the shower reaches its maximum size is:

Xmax = X0ln
(
E0

Ec

)
(2.4)

Additionally to the pair-production, bremsstrahlung and ionization loss there are
other processes like multiple scattering or the Earth’s magnetic field that play a role
in the shower development, mainly at lower energies.
The shower development is centered around the axis of the incoming gamma-ray
initiating the EAS, keeping the directional information down to ground level.
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2.4.2 Hadronic Showers

Hadronic interactions in the atmosphere are more complex to describe as many
more processes take place during the shower development each with a different
characteristic length of interaction. A simple model for hadronic showers based on
the Heitler model is given here [86]. In this approach, the atmosphere is assumed
to be equally divided into n layers of fixed thickness. In the upper part of the
atmosphere, arriving protons interact with air molecules via strong force and create
a cascade comprising most importantly nucleons and charged and neutral pions (π±,
π0). The neutral pions π0 have a mean lifetime of 0.8 × 10−16 s, hence they decay
almost immediately into photons:

π0 → γ + γ

The charged pions continue interacting in the atmosphere until their energy falls
below the critical energy Eπ < Eπ

c . Below this energy, the charged pions (π±) with
a mean lifetime of 2.6× 10−8 s decay predominantly into muons:

π+ → µ+ + νµ, π− → µ− + ν̄µ

The typical energies above which the charged pions interact is about 30 GeV.
If the photons resulting from the π0 decay have enough energy, they can initiate
an electromagnetic shower. Electromagnetic showers produced in the early phase of
the hadronic shower development might cause confusion with the pure electromag-
netic showers. However, the lateral and longitudinal development of the hadronic
and electromagnetic showers is different (see Figure 2.8 and Figure ??). Hadronic
showers are typically larger and more irregular than electromagnetic showers. Thus,
the lateral distribution and the irregularities of the EAS are used as the basic dis-
criminants to separate gamma rays from cosmic rays showers.

2.4.3 Cherenkov radiation

First investigated by Pavel Cherenkov, the Cherenkov light is the radiation emit-
ted when charged particles move in a dielectric medium at speeds faster than the
local phase velocity of light in the same medium [87]. Fast moving charged parti-
cles (v > c/n) cause polarization by exciting the surrounding molecules and atoms
while traversing a medium with refractive index n. Once the particle has passed,
the molecules and atoms relax into their normal state emitting electromagnetic ra-
diation. According to Huygen’s construction, the wavelets from all points of the
particle track will be in phase with one another under a particular emission angle.
During this process, a coherent wave front is generated at an angle θ with respect to
the particle direction. This coherent radiation, is the so-called Cherenkov radiation.
The basic principle is shown in Figure 2.9.
By applying simple geometrical rules as in Figure 2.9, the cosine of the Cherenkov
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Figure 2.9: Schematic view of the Cherenkov light production when a charged
particle moves at speeds v > c/n through a medium of refractive
index n. The Cherenkov light is produced at an emission angle θ.

light cone is given by:

θc = arccos c
nc
⇒ θc = arccos 1

n
, (2.5)

where n is the refractive index of the medium. The Cherenkov light is emitted at an
opening angle of 2θc that depends on the energy of the particle and on the refractive
index of the medium.

Figure 2.10: The Cherenkov light emitted from a gamma-ray with initial energy
of 1 TeV. The emission angle marked as α here changes with altitude
and the superimposition of the Cherenkov light illuminates a light
poll of 250 m diameter in the ground. This is seen at an observation
level at 1800 m above sea level. Image courtesy [88].

As described in section 2.4, very-high-energy particles initiate an EAS by interact-
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ing with the nuclei of the atmosphere. The highly energetic electrons, produced
during the EAS development, travel faster than light in the atmosphere and emit
Cherenkov light. Since the number of particles generated is amplified during the
EAS development, this makes the Cherenkov light emitted possible to detect. The
Cherenkov radiation creates a “light pool” on the ground with a duration of few
nanoseconds. The refractive index depends on the density of the medium hence
the radius of the Cherenkov light pool depends on the height at which the emission
was originally produced, and on the detection altitude. Figure 2.11 shows different
Cherenkov light pools on the ground for different EAS. The Cherenkov light dis-
tribution is approximately flat within the pool and rising at the edges (Figure 2.10
left), due to the varying refractive index:

n(h) = 1 + n0exp
(
−h
h0

)
. (2.6)

where n0 = 0.00029 and h0 = 7250 m (for a hydrostatic, isothermal atmosphere).
The superimposition of the Cherenkov light emitted during the shower electromag-
netic development illuminates the ground on a light pool with radius of 80-150 m.
The number of photons produced per unit wavelength and per unit distance is given
by the Frank-Tamm formula:

dN
dxdλ = 2παZ2λ−2

(
1− 1

β2n2(λ)

)
(2.7)

where α = 2πe2

hc
is the fine structure constant. Named after Ilya Frank and Igor

Tamm, this was awarded with Nobel Prize in Physics in 1958 [89].
The peak of the Cherenkov emission from the EAS is in the blue to ultraviolet
(UV), region at the edge of the optical band (the UV part is mostly absorbed by
the atmosphere) [90]. The Cherenkov light emitted during EAS is detected by
photomultipliers (PMTs) sensitive to wavelengths between 400-700 nm.
In the following the basic principles of the detection of Cherenkov light from ground
are given.

2.5 Imaging Atmospheric Cherenkov Telescopes

The detection of gamma rays from ground is possible by detecting the Cherenkov
radiation emitted during an EAS. The main challenge and difficulty is the discrimina-
tion of gamma rays and hadronic induced showers. Milestones in the development of
IACTs were the Whipple experiment, which demonstrated the power of large mirror
areas and imaging cameras [23], and the HEGRA (High Energy Gamma-Ray As-
tronomy) experiment, which demonstrated the power of telescope arrays to improve
angular and energy resolution [92].
In an IACT, the Cherenkov radiation is focused by large reflective areas onto an
imaging camera in the focal plane, which is accompanied by fast electronics for
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Figure 2.11: Cherenkov light pool of an extensive air shower induced by a photon
with energy of 300 GeV (left) and by a proton with an energy of 1
TeV (right). Image courtesy [91].

readout and signal processing (principle shown in Figure 2.12). The reflective area
is made of mirror facets supported by a solid frame on an azimuth or equatorial
mount to track the sources during their diurnal motion. A finely pixelized camera
is important to achieve a high sensitivity, as the number of pixels and in particular
the field of view of each pixel determines the angular resolution of the telescope.
Traditionally, the camera of an IACT uses photomultiplier tubes as pixels. Lately,
SiPM are employed as well, for example in the FACT experiment [33].
The Cherenkov light emitted during a typical 1 TeV shower illuminates an area of
105 m2 on the ground. A Cherenkov telescope placed anywhere in the light pool can
see the shower. Multiple factors have to be considered to determine properties of
the emitted light. First, the Cherenkov light emitted during an air shower depends
on the energy of the primary particle. High energy particles have sufficient energy
to generate more secondary particles. Second, the number of particles generated
during air showers depends on the altitude of the shower. The refractive index of
the atmosphere at high altitudes is smaller but in the early stage of the shower
development are not many particles above the energy threshold for Cherenkov light
production, resulting in a low amount of light emitted. Other factors that affect
the detectability of the Cherenkov light are related to the light pollution from the
ground and night sky background i.e. the light from stars.
The gamma-ray energy and direction reconstruction becomes more robust when
stereoscopy is employed. The shower direction is reconstructed more precisely when
more than one telescope triggers on the same event and the Cherenkov light emitted
from the same shower is seen from different angles. The use of the stereoscopy results
in a larger collection area on the ground, and a large fraction of the background
caused by photon fluctuations is suppressed. The currently operating IACTs make
use of the stereoscopy for the event reconstruction.
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Figure 2.12: Illustration of the shower imaging principle in a telescope. The image
shape of the shower in the telescope camera is almost elliptic and the
corresponding reflection of different points of the shower into the focal
plane of a camera are shown. The two main properties of gamma rays,
the energy and direction are derived from the shower image on the
camera. For gamma-ray induced showers, the image intensity gives
information about its primary energy. Image courtesy [88].

2.5.1 Currently Operating IACTs

The currently major operating IACTs are MAGIC, VERITAS and H.E. S. S. The
study at very-high-energy presented in this thesis is done with the H.E. S. S. instru-
ment, which will be covered in detail in Chapter 3. Observation with the IACTs are
limited to the night (low duty cycle of ∼ 10 % corresponding to moonless and no
clouds).

2.5.1.1 MAGIC experiment

The MAGIC (Major Atmospheric Gamma Imaging Cherenkov) experiment is a
system of two 17 m diameter telescopes on the Canary Island of La Palma [31].
This experiment started operating in 2003 with one single 17 m diameter telescope.
The reflective area is arranged in a parabolic shape reflector design. This is known
as MAGIC I and had a 3.5◦ field of view camera composed of 397 small PMT pixels.
In 2009, a second telescope was added 85 m away from the first one (MAGIC II),
with a camera of 1039 pixels and a field of view of 3.5◦. The camera of the first
telescope was upgraded in 2012. The energy covered by MAGIC goes from 30 GeV
up to 100 TeV. Figure 2.13a shows the MAGIC telescopes.
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(a) (b)

Figure 2.13: (a) The MAGIC telescopes located in La Palma. Image courtesy:
Daniel Lopez/IAC. (b) An artistic image of VERITAS telescopes lo-
cated in Arizona. Image courtesy UCLA [93].

2.5.1.2 VERITAS experiment

The VERITAS (Very Energetic Radiation Imaging Telescope Array System) is an
array of four telescopes in southern Arizona, USA [94]. The telescopes are installed
on the site of the Whipple telescope. Each of the telescopes has a 3.5◦ field of view,
a 499-pixel camera and a 12 m reflective area. The VERITAS telescopes follow
a Davies-Cotton optical design. The VERITAS observatory is studying the high-
energy sky since 2007, by detecting gamma rays with energies from 50 GeV up to 50
TeV. Figure 2.13b shows the VERITAS telescopes. Chapter 4 describes observations
of B2 1215+30 with VERITAS and Fermi-LAT experiments.

2.5.1.3 H. E. S. S. experiment

The H.E. S. S. in Namibia is an array of five IACTs observing the high-energy sky
from the southern hemisphere. The array is comprised of four 12 m telescopes
arranged in a square configuration and a bigger size telescope of 28 m placed in the
middle. The H.E. S. S. II telescope, installed on the site in 2012 is the biggest IACT
telescope to date. The energy range covered by the H.E. S. S. experiment goes from
tens of GeV up to a few hundreds of TeV. The H.E. S. S. experiment is covered in
more detail in Chapter 3.

2.5.2 Future Telescope Arrays

At the present time, a new ground based gamma-ray observatory is under devel-
opment [95]. The Cherenkov Telescope Array (CTA) aims to reach a sensitivity
improved by a factor of ten compared to the current experiments. The expected
CTA differential sensitivity with that of the currently running experiments is shown
in Figure 2.14 (taken from the CTA homepage1). CTA is planned to cover the en-

1https://www.cta-observatory.org
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ergy range from a few tens of GeV to some hundreds of TeV using telescopes of three
different sizes. CTA is designed to cover the full sky from two observation sites: La
Palma in the northern hemisphere and Chile in the southern hemisphere and have
a better angular resolution.

Figure 2.14: The differential sensitivity of CTA South and North compared to
H.E. S. S., MAGIC, VERITAS and HAWC experiments. The CTA
South and North, for 50 h of observations are expected to have a
higher sensitivity with respect to other experiments and extend up to
100 TeV. Image courtesy [96].

2.6 Summary and Conclusions

In this chapter the basic principles for the detection of gamma rays from space and
ground are given. For a direct detection of gamma-ray s from space, pair-conversion
telescopes are sent above the atmosphere. The current gamma-ray space observatory
based on this technique is the Fermi-LAT and observes the sky from 20 MeV up
to more than 500 GeV. Energetic gamma rays interact with the atmospheric nuclei
and generate extensive air showers, which produce Cherenkov light. The MAGIC,
VERITAS and H.E. S. S. experiments are detecting very-high energy gamma rays
from ground using arrays of imaging atmospheric Cherenkov telescopes. Given their
different locations, the science covered by the current IACTs is diverse and brought
unexpected results to the scientific community. The next generation of Cherenkov
telescopes, the Cherenkov Telescope Array (CTA) is under development for a better
sensitivity compared to the other experiments.
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Chapter 3

The H.E.S.S. Experiment

The High Energy Stereoscopic System (H.E.S.S.) is located in the Khomas High-
land of Namibia, at an altitude of 1800 m above sea level. The H.E. S. S. site was
chosen, among other reasons, for the quality of the atmosphere and for its proxim-
ity to the Southern Tropic which provides optimal conditions for the observations
of the Galactic center. Designed to study the very-high-energy sky, the H.E.S.S.
experiment detects gamma rays of energies from a few tens of GeV up to hundreds
of TeV using five imaging atmospheric Cherenkov telescopes.

Figure 3.1: Picture of the H.E.S.S. telescopes in Namibia. Different trigger modes
are supported by the current telescope configuration.

The experiment started operating in stereoscopic mode in 2003 with four telescopes
of 107 m2 reflective area and with energy range from few hundreds of GeV up to
tens of TeV. This is referred to as H.E. S. S. Phase-I, and it consists of four identical
telescopes arranged in a square configuration of side 120 m in order to maximize
the effective collection area at a few hundred GeV. Since 2012, a big telescope with
614 m2 reflective area, referred as H.E.S.S. Phase-II, was added to the array in order
to lower the energy threshold down to few tens of GeV.
The main characteristics of the H.E. S. S. telescopes are given in Sections 3.1 and
3.2. The data acquisition and calibration procedure are described in Sections 3.3
and 3.4. A gamma-hadron separation method based on the Hillas Paramters and
an alternative relying on template fits with simulated shower shapes are described
in Sections 3.5 and 3.5.2 respectively. A possible monoscopic discrimination relying
on boosted decision trees is elaborated in Section 3.7.
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3.1 H.E.S.S. Phase-I

The first H. E. S. S. telescope was installed in Namibia in 2002 and the array become
fully operational with the four identical IACTs in 2004. The H.E. S. S. I telescopes
are comprised of a reflector area and a fast camera mounted on an steel alt-azimuth
space-frame. This mount allows rotation speeds up to 100 degrees per minute,
supporting fast slewing observations of transient events e.g. Gamma Ray Bursts.
The reflector area is composed of 380 round mirror facets of 60 cm diameter, made
of quartz-coated aluminized glass material and arranged in a Davies-Cotton design.
Each telescope has a 107 m2 mirror area in total. All mirror facets have the same
focal length f , which is equal to the focal length of the whole telescope. The
mirror facets are equipped by an automated alignment system, allowing their remote
alignment by a CCD camera for optimum imaging qualities [97].

(a) (b)

Figure 3.2: (a) A picture of CT1 camera taken during the H.E. S. S. I camera
upgrade in 2015. (b) One of the camera drawers, a unit of 16 photo-
multiplier tubes. The drawers are fitted in the hexagonal structure of
the camera. Image courtesy of H. E. S. S.

The steel structure supports a 900 kg finely pixelized camera, positioned at a focal
distance f = 15 m from the center of the reflector area. Given the characteristic
dish size d of 13 m, the telescopes have a f/d ≈ 1.2. The camera consists of 960
Photomultiplier Tubes (PMT) with 0.16 degree field of view each, arranged in 60
drawers of 16 channels containing all the complete electronics needed for triggering,
signal processing and digitization. The drawers are fitted in a cylinder structure of
2 m in length and 1.6 m in diameter, making a 5 degree field of view for each camera.
Light concentrator “Winston” cones are installed in front of each PMT to guide the
Cherenkov light onto the central region of the photo-cathode, where the quantum
efficiency of the PMTs is maximal and to eliminate dead space between PMTs [98].
They also shield the albedo light from the ground. More details are given in [99].
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Following more than ten years of successful operation of H. E. S. S., a major camera
upgrade for H. E. S. S. I telescopes started in 2015 with the aim to improve the
performance and reduce the failure rate of the ageing systems. During this upgrade,
all the components inside the camera except for the PMTs were replaced. The design
is motivated by studies performed for the NECTAR Cam [100].

3.2 H.E.S.S. Phase-II

The H.E. S. S. II telescope was added in the middle of the existing array in 2012,
approximately 85 m from each of the H.E. S. S. I telescopes. The dish has a total
reflective area of 614 m2, almost six times larger than the one a H.E. S. S. I telescope.
The H.E. S. S. II reflective area with a 28 m circular diameter makes it the biggest
IACT up to date. It consists of an alt-azimuth steel mount, similar to that of
the H.E. S. S. I telescopes. The H.E. S. S. II telescope is equipped with a fast drive
system which allows speeds up to 200 degrees per minute, very favorable for transient
observations [101]. The reflective area is composed of 875 hexagonal facets made of
quartz-coated aluminized glass, arranged in parabolic design. The Cherenkov light
is focused into the camera, at a focal distance of 36 m from the reflective area. The
f/d ratio allows to better resolve extensive air shower images. The H.E. S. S. II
camera comprises 2048 PMTs, where the signal processing, digitization and trigger
are done in 128 drawers structures. The pixel size of each PMT (0.067 degree) gives
a total field of view of 3.2 degree on the sky. The total weight of the telescope is
580 tons, where the camera alone has a weight of 3.0 tons.

(a) (b)

Figure 3.3: (a) The H.E. S. S. I telescopes with reflective area made of facet mirrors
arranged in Davies-Cotton fashion. (b) The H.E. S. S. II telescope with
refractive area made of facets arranged in parabolic fashion. Image
courtesy of H. E. S. S.

After the installation of the H.E. S. S. II telescope, different trigger levels are sup-
ported by the full array. H. E. S. S. II supports monoscopic, or stereoscopic trigger
modes with the H.E.S.S. I telescopes.
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3.3 Data Acquisition

The PMT signal is read out in three channels where one is for the analog trigger and
two for the high and low gain digitization. The sampling of the signal with different
gains is done to increase the dynamical range of the instrument. The amplified
signal from the PMTs is sent to an analogue memory which samples the signal at
the frequency of 1 GHz. The third channel that sends the PMT signal to the trigger
system, which has two levels. The idea of such system is to account for the presence
of accidental events caused by night sky background events in the camera of the
telescopes. To properly account for this effect the correlation between the neighbor
pixels is considered. After the trigger decision at camera level, the coincidences
between the other telescopes are considered. For a more detailed description of the
H.E.S.S. data acquisition see [102].

3.4 Calibration

In the calibration process, the coefficients required to convert the electronic signals
registered during the trigger into physical units are determined. Important informa-
tion needed for event reconstruction and data analysis are determined and stored
during this process. A set of calibration runs is taken during each observation period
to ensure that the system is working properly. The list of calibration runs taken
regularly with the H.E. S. S. telescopes includes FlatField, SinglePE and Pointing
runs.

(a) (b)

Figure 3.4: (a) Example of a muon event on the H.E. S. S. camera. (b) The same
image after cleaning and fitted by the model used for the calculation
of the optical efficiency.
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3.4 Calibration

3.4.1 Camera calibration

In the following the camera calibration procedure is given. The detailed description
of the H.E. S. S. camera calibration is covered here [103]. The coefficients required
to complete the calibration process, the amplitude of pixels in high and low gain are
calculated using the following formulas:

SHG = ADCHG − PHG

γHG
× FF

SLG = ADCLG − PLG

γHG
×
(

HG
LG

)
× FF

(3.1)

The coefficients presented in Equation 3.1 are described below.
• ADCHG and ADCLG are the measured number of ADC (Analogue to Digital

Converter) counts in high and low gains respectively.
• PHG and PLG are the noise pedestals of the electronics in HG and LG.
• γHG is the gain, the conversion coefficient from ADC counts to photo-electrons.
• FF is the flat fielding coefficient. It characterizes the measured pixel efficiency

of one specific PMT with respect to the total mean over the camera.
• HG/LG is the amplification ratio between the high to the low gain channels.

In order to complete the full calibration process, the calibration coefficients presented
below are estimated separately in some steps.

3.4.2 Gain Calibration

A flashing LED, a stable and controlled light source, is placed in front of the camera
to measure the single photo-electron peak of the PMTs. In order to avoid the NSB
contamination, the LED is placed within the camera shelter, at a distance of 2
meters from the camera. Only the high gain has the resolution required to make
this measurement. These dedicated SinglePE runs are taken every two nights and
they serve to measure γHG in Equation 3.1.

3.4.3 Flat-Field Coefficients

The collection and quantum efficiency of individual PMTs is an important infor-
mation to be measured and stored. This information is needed to convert photo-
electrons into incident photons. The procedure is done by taking dedicated FlatField
runs. A flashing LED (or a laser for H. E. S. S. II) uniformly illuminates the camera
and the signal of each PMT is recorded. Then, the FlatField coefficients FF are
estimated for each individual pixel by comparing the individual PMT responses to
the average across the camera.
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3.4.4 Pedestal Calibration

The baseline of the electronics is referred to as the noise pedestal. This must be
subtracted from the measured ADC values to calculate the Cherenkov signal and
therefore requires a precise measurement in order to not bias the determination of
the Cherenkov signal. The pedestal is the response of the camera in absence of
light. The electronic pedestal mean and width is determined by taking dedicated
runs with camera lid closed to avoid noise from the NSB. Since the level of NSB,
the atmospheric temperature or other instrumental effects change from one night to
another, this process is done for each observation run.

3.4.5 Pointing Correction

The direction reconstruction of single gamma rays is directly affected by the orien-
tation of the telescopes. Dedicated pointing runs are taken in order to calibrate the
camera orientations by mapping the position of known stars from catalogs onto the
camera of the telescope. A correct pointing model is of fundamental importance,
since it affects the whole reconstruction and as a consequence the analysis results.
The mirror planes of the H.E. S. S. I telescopes are equipped with two CCD cameras:
LidCCD (centre) and SkyCCD (at an offset of three meters, parallel to the optical
axis). During the process of pointing calibration the camera lid is kept closed and
only the caps of the camera LEDs are opened as they serve as reference points of the
camera position. Bright stars images are taken simultaneously with the LidCCD and
SkyCCD, which are compared with respect to the LEDs. This is done to determine
the discrepancies between the expected and measured star positions of the LEDs to
the known positions. This helps to measure the distortions of star images on the
camera lid and to have a properly corrected pointing model, which is of fundamental
use in the analysis. Another less robust method is to make a pointing correction
while taking observations, which is described here [104].

3.4.6 Optical efficiency

The quality of data taken on a specific source depends on several criteria which can
be instrument related or/and from other external factors. The reconstructed energy
is calculated from the intensity of the shower on the camera, which depends on
the optical efficiency of reflective area. The data accumulated is often spread over
several months or even years, showing the importance of the long term stability of
the optical system. The optical efficiencies of each telescope are measured using
the known properties of muons. As muons interact minimally with the atmosphere,
they have roughly constant speed and therefore the Cherenkov angle is constant.
This results in a ring-like image on the camera. The velocity of the muon defines the
radius of the ring and this along with its impact point on the ground give the number
of photons in the muon ring. Hence, using muons to determine the optical efficiency
of the telescopes is a very robust method. By definition, the muon efficiency is the
ratio of detected to predicted photons. The number of detected photons is affected
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by a set of factors such as mirror reflectivity, Winston cones and PMT efficiencies.
Figure 3.5 shows the evolution of the H.E.S.S. Phase-I optical efficiency as a function
of the run number [105]. A continuous drop is seen until 2011 (run number 60913),
related of degradation of the mirror reflectivity and Winston cones. The optical
efficiency increased after the re-aluminization of the mirrors.

Figure 3.5: Efficiency evolution for one (CT2) of the H.E. S. S. I telescopes (blue).
For each period, the calculated muon efficiency is plotted together with
the mean (red) and one σ error (green). Figure courtesy [105].

3.4.7 Atmospheric Monitoring

The H.E. S. S. site is far from the city lights (100 km from the closest city), but
weather conditions can affect the observations. The quality of the atmosphere affects
the density of Cherenkov photons through absorption. In order to take data under
optimal conditions and reduce the systematic effects at analysis level, additional
facilities are provided on the site. Each telescope is equipped with a radiometer
which points at the same direction as the telescope to monitor the sky temperature,
humidity level and the clouds crossing the telescope field of view, but not the alti-
tude of the clouds. Other full sky weather information is provided by the weather
station and the scanning radiometer installed on the site. The radiometer gives
detailed information about the weather and cloud coverage. The shift crew has the
necessary weather monitoring information in the control room, helping to decide if
the atmospheric conditions are good to start the observations and take good quality
data.

3.5 Reconstruction Techniques

The main challenge of the reconstruction in gamma-ray astronomy is the high back-
ground rate. To solve this problem, several reconstruction techniques have been
introduced by the community. The oldest successful technique for the signal and
background separation is based on the Hillas reconstruction. Since its introduction,
the robust Hillas reconstruction is widely used. Another powerful technique, called
Model reconstruction is based on a semi-analytical model, which has been used to
perform the analysis during this work. The most sensitive analysis techniques of
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the H.E. S. S. data are provided by Model and Multivariate analysis methods [106].
The basics of these reconstruction techniques are given in the following.

3.5.1 Hillas Reconstruction

The shape of the images on the camera can be used to separate gamma-ray from
hadron initiated showers. Given the main properties of extensive air showers (dis-
cussed in Section 2.4), gamma-ray induced showers have a more regular shape in
the camera compared to hadron showers. Figure 3.6 shows two camera images, one
with a gamma-ray and one with a proton induced shower [107]. Based on Monte
Carlo studies a shower parameterization model, using the second moments of the
pixel amplitudes in the camera, was proposed by Hillas in 1985. The width, length,
center of gravity, angular orientation and position of the parametrized ellipses on
the camera are used to reconstruct the shower properties. The camera images are
then compared with simulated gamma-ray images to extract the shower parame-
ters and reject hadrons. The robustness of this technique increases with the use of
stereoscopy.

Figure 3.6: Two example images of the light intensity distribution in the camera
of the telescope. Left: a 1.0 TeV gamma-ray shower image, with an
regular ellipse-like shape. Right: the image of a 2.6 TeV proton in the
camera, with an irregular and more wide shape. Image couresy [88].

3.5.2 Model Reconstruction

An alternative method, called theModel reconstruction, was adapted for the sterescopic
reconstruction of the H.E. S. S. data by de Naurois & Rolland [108] based on the
work of Le Bohec for the CAT experiment [109]. Based on image fitting with a
semi-analatical model template, it is a powerful separation technique and yields
improved sensitivity. With the installation of H. E. S. S. II, this method has been
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successfully adapted for monoscopic reconstruction with H.E. S. S. II. The finely
pixelized cameras of IACTs enable the use of a likelihood reconstruction, where
the recorded shower images are compared to shower images predicted by a semi-
analytical model for the Cherenkov light distributions induced by electromagnetic
showers. The shower images are parametrized as a function of energy, primary inter-
action depth, impact distance and direction which results in a better reconstruction
and gamma-hadron separation compared to other methods. The work performed
here with H.E. S. S. uses the Model Analysis pipeline. In the following, the basic
principles of the method are presented.

3.5.3 Shower Image Model

A proper and precise shower model to predict the Cherenkov photon density emitted
during the electromagnetic showers is highly important. A semi-analytical shower
model can be constructed by fitting a template function to simulated showers. The
longitudinal and the lateral distributions of the charged particles in an air shower
depend on the gamma-ray energy and the primary interaction altitude. For a given
energy and altitude, the longitudinal, lateral and angular air shower profile under
different conditions are modeled using Monte Carlo simulations from KASKADE
[110]. The average number of charged particles produced during an electromagnetic
air shower as a function of the distance from the primary interaction point for
different gamma-ray energies is shown in Figure 3.7.

Figure 3.7: Longitudinal shower development as a function of energy, measured
from the first interaction point. The black and red histograms cor-
respond to the simulated and analytical (from Equation 3.2) results
respectively. Image courtesy [108].

Following Greisens formula, the longitudinal distribution of charged particles is mod-
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eled as follows:

Ne (y, t) = a
√
y
× exp

[
t×

(
1− b

b− 1 × ln(s)
)]

+
(

2− a
√
y

)
× exp(−t), (3.2)

where t is the distance from the first interaction point in units of radiation lengths
X0, y is the primary photon energy in terms of the critical energy y = ln(Eprim/Ecrit,
and s represents the shower age, which is given by:

s = b

1 + c× (b− 1)/t (3.3)

By definition, the shower age starts at the first interaction, which correspond to
s = 0 and lasts until at the shower maximum at s = 1. The parameters c and b
are the depth of the shower maximum measured from the first interaction and the
scaling factor of the shower development, respectively. The best fit values obtained
from the simulations are given below:

a = 1.05 + 0.033× y, b = 2.66, c = 0.97× y − 1.32 (3.4)

The fit is represented by the solid red color in Figure 3.7 along with the simulations.
Similarly, the lateral air shower profiles are considered in the semi-analytical model
as well.
The Cherenkov light density, recorded by the telescope camera is calculated from
the following integral:

I(xT , yT ) =
∫

dz
∫

dE × dNe
dE (t, E)× dt

dz (y)∫
du× Fu(u(E, s))

∫ dφ
2π∫

dXr

∫
dYrFXY (Xr, Yr, E, s, u)∫

dφph
∫ dλ
λ2

d2nγ
cos θ dz dλ × exp(−τ(z, λ))×Qeff (λ)

×Col(z,Xr, Yr, u, φ, φph) . (3.5)

Each line in the integral represent the electromagnetic shower development are lon-
gitudinal development and position of the electrons, the direction of the electrons,
lateral position of the electrons, Cherenkov photons angles and distributions and
the camera. The terms in Equation 3.5 are:
• dNe/ dE(t, E) the longitudinal distributions of charged particles in the shower
• Fu(u(E, s)) the normalized angular distribution of particles as function of the

energy and shower age
• FXY (E, s, u) the normalized lateral distribution of particles as function of en-

ergy, age and rescaled angular direction of particles
• 1/λ2 × d2nγ/(cos θ dz dλ) the Cherenkov photon production rate
• exp(−τ(z, λ)) the atmospheric absorption
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• Qeff (λ) the detector quantum efficiency
• Col(z,Xr, Yr, u, φ, φph, xT , yT ) is the average geometrical collection efficiency,

which depends also on the incident parameters of the gamma-ray
The terms on the integral correspond to the:
• integral over atmospheric altitude z or depth t to account for the longitudinal

development of the shower
• integral over the energy E of the electron/positron in the shower
• integral over the electron direction in the coordinate system of the camera
• integral over electron/position with respect to their directions in Xr and Yr,

the lateral coordinates in the shower frame in units of radiation lengths
• integral over the wavelengths of the Cherenkov emission
• integral over Cherenkov photon azimuthal angle around the electron, for a

given fixed electron energy

(a) (b)

Figure 3.8: (a) Model of a 1 TeV shower started at one radiation length and falling
250 m away from the telescope. (b) Shower falling 20 m away from the
telescope. Image courtesy [108].

Additional instrument and electronic related effects as the instrument point spread
function, the trigger response and the integral computing time are taken into ac-
count. These effects together with the geometric light collection efficiency are sim-
ulated and stored in look-up tables over a wide range of different parameters i.e.
zenith angles, impact distances, energies and interaction depths. For analysis uses,
they are scanned over these parameters.
Two-dimensional shower images in the camera frame are produced from this proce-
dure. Figure 3.8 shows two examples of Model showers falling at different distances
to the telescope. The raw shower images are then compared with the shower model
template from the semi-analytical model on a pixel-by-pixel basis. A likelihood
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minimization procedure gives the best parameters from a log-likelihood fit, which
determine the properties of the incoming gamma rays.

3.5.4 Model Variables

To quantify the deviation of the gamma-ray shower from the template shower, i.e.
the quality of the fit, a parameter called Goodness is determined. This quantity is
calculated from the log-likelihood values in the pixels i as follows:

G =
∑
i

lnL(si|µi)− < lnL > |µi√
2× NdF

, (3.6)

where lnL(si|µi) represents the log-likelihood to observe a signal si in photo-electrons
under the hypothesis of a signal µi, < lnL > is the expected value of lnL if there
are µi hypothesized photo-electrons and NdF is the number of degrees of freedom.
Unlike the Goodness which is calculated for the whole camera, the Shower Goodness
(SG) is calculated for the pixels attributed to the shower. For each telescope, the
Shower Goodness is determined from the pixels of the shower core, using Equation
3.6. The Mean Scaled Shower Goodness is averaged over all-telescopes t:

MSSG =
∑
t

SGt− < SG >

σSG
√
Nt

, (3.7)

where Nt is the number of telescopes and σSG is the width of the SG distribution
determined from the Monte Carlo simulations. The Background Goodness is another
parameter for event selection, calculated from Equation 3.6 for only pixels outside
the shower. The fluctuations caused due to NSB are also taken into account by a
NSB Likelihood variable when µi is 0.
Another parameter with significant separation power, the DirectionError, is calcu-
lated from the uncertainty of the fit. Cutting on the direction uncertainty distribu-
tion helps to keep the events with the best angular resolution. The PrimaryDepth,
the first interaction point is another parameter used to discriminate between the
gamma and hadron-induced showers, as electromagnetic showers interact later on
the atmosphere compared to the hadron induced showers. Cuts based on these pa-
rameters are used in the analysis of H. E. S. S. data. Their cut values depend on the
analysis method, which are presented next.

3.6 Model Analysis

After defining variables with powerful separation power, they are optimized for the
analysis of different astrophysical sources. Since the trigger system of H. E. S. S.
supports monoscopic and stereoscopic triggers, different event reconstructions are
developed within Model Analysis. Figure 3.9 shows different reconstruction tech-
niques supported by H.E. S. S.
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Figure 3.9: Schematic illustration of different event trigger and reconstruction
types of the H.E. S. S. experiment. The top part of the figure cor-
respond to the trigger of H. E. S. S. Phase-I which are reconstructed
with Stereo. In the bottom are shown the H.E. S. S. Phase-II trig-
ger modes. The array can trigger CT5 and CT1-4 and only CT5 and
reconstruct events by using the Combined, Hybrid and Mono.

For the H.E. S. S. I Phase-I, a trigger was required with at least two of the small
telescopes participating, named CT1, CT2, CT3 and CT4. After the experiment
entered its Phase-II, different observation strategies are supported by the array. The
array is split and H.E. S. S. II (CT5) and CT1-4 can take data independently, or
CT1-5 observe in Hybrid mode. The monoscopic (hereafter Mono) trigger uses only
events from CT5. The stereoscopic (hereafter Stereo) consist of CT1-4 observations
with, and without CT5 telescope. Observations including CT5 require it in trigger
with at least two from the CT1-4 telescopes (hereafter Hybrid). In the following the
different analyses for the H.E. S. S. I- and H.E. S. S. II-era are described.

3.6.1 H. E. S. S. I

Only events with at least two participating telescopes, hereafter telescope multiplic-
ity, are accepted for reconstruction. A threshold on the number of photo-electrons
for each event in the camera is set to remove faint events caused by noise or NSB.
Additional cuts are applied to reject events falling on the camera edge. This is done
by cutting on the nominal distance, i.e. the distance between the camera center and
center of gravity of the shower, at 2 degrees. Another cut applied on the primary
interaction depth i.e. the amount of atmosphere traversed before a particle initi-
ates an electromagnetic EAS, removes showers produced by electrons. Motivated
by the diversity of astrophysical sources and their emission spectra, different cut

53



Chapter 3 The H.E.S.S. Experiment

parameters have been developed for H.E. S. S. I data. Table 3.1 summarizes the
Standard (Std) and Loose cut parameters, as they are used for this work. Other cut
configurations for faint or extended sources are available but are not covered here.

Parameter min
p.e.

max
MSSG

min
NSB

max
direction error

min
primary depth

Std 60 0.3 20 0.1 -1.1
Loose 40 0.9 10 0.2 -1.1

Table 3.1: Cut parameters for the H.E. S. S. I Stereo analysis and their correspond-
ing cut parameters for Std and Loose configurations in Model Analysis.

3.6.2 H. E. S. S. II

The diverse trigger modes supported by the array allow to perform different event
reconstruction with the H.E. S. S. Phase-II data (Figure 3.9 bottom). The Mono
reconstruction allows to lower the energy threshold of the analysis, but in absence
of the stereoscopy the background substraction is more challenging. The high event
rates at lower energies, require precise background estimation methods. The trig-
gered events, where CT5 was part of the observations provide better results if they
are reconstructed using the stereoscopy. The Combined reconstruction makes use of
the Mono and Stereo events. The H.E. S. S. II telescope allows to exploit the lower
energy range and in combination with the H.E. S. S. I they cover a widen energy
range. The cut parameters for the standard and loose configurations for the Mono,
Hybrid and Stereo analyses are summarized in Table 3.2.

Config min
p.e.

max
MSSG

min
NSB

max
dir error

min
prim depth

Mono Std 60 0.7 19 0.3 -1.1
Loose 60 0.6 15 0.3 -1.1

Hybrid Std 60 0.9 28 0.2 -1.1
Loose 40 0.9 13 0.2 -1.1

Combined Std 60
60

0.9
0.6

32
32

0.2
0.3

-1.1
-1.1

Loose 60
60

0.9
0.6

16
24

0.2
0.3

-1.1
-1.1

Table 3.2: Cut parameters for Mono, Hybrid and Combined analysis with
H.E. S. S. Phase-II and their corresponding cut parameters for Std and
Loose configurations in Model Analysis. The Combined profile has two
set of cuts, adapted to be applied to Mono and Stereo events.
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3.6.3 Source detection and background estimation

Even after the set of cuts introduced above are applied, there is still a relatively
high level of background contamination. The main background consists of misclas-
sified events, i.e. gamma-like events from hadron and electron induced showers. For
source detection, it is important to have a methodology for the background estima-
tion. The background is estimated by counting events which are reconstructed in a
region or regions of the sky where no gamma-ray sources are expected. A number
of approaches have been suggested as discussed below. The standard method to
estimate the background is by defining the source region as ON and the background
as OFF. Having a proper method for defining the OFF background is essential for
good and reliable results.
The number of events attributed to a source, referred to as the number of excess
events, is the difference between NON and background NOFF:

Nexcess = NON − αNOFF, (3.8)

where α is a normalization factor that takes into account the exposure times, re-
gion sizes and the detector responses in each corresponding region. The normal-
ization factor can be estimated using the Reflected Region or the Ring Background
method [111]. This work makes use of the two methods to estimate the back-
ground.
In the Ring Background method, an annulus region around the source is selected
to estimate the OFF background as shown in Figure 3.10b. Since the ring covers
areas with different offsets from the observation position, the camera acceptance
to gamma-rays has to be taken into account while calculating α. For extragalac-
tic sources this is a straightforward calculation while for complex regions like the
galactic centre requires the size of the ring to be adapted. This method allows to
represent spatial distributions of the excess and the significance in two-dimensional
sky maps.
The application of the Reflected Region requires that the observations are taken
deliberately offsetting the source of interest from the center of the camera by a
given angular distance, known as “wobble” mode. Typically the offset angles are
chosen between 0.5 and 1.0 degrees, considering the instrument field of view and the
broadening of the PSF at large offset angles. Multiple OFF regions nOFF are taken
around the camera center, with the same offset as the ON region. To avoid contami-
nation from the source, a circular region around the ON region is excluded from the
background estimation. To compensate for the excluded ON regions, wobble obser-
vations with alternate positive and negative right ascension (R.A.) and declination
(Decl.) are taken. The value of the excluded ON region depend on the source and
on the type of analysis chosen. For point like sources, the excluded value of the ON
excluded region is 0.1 degrees for Stereo analysis and 0.4 degrees for Mono.
Using this method, where the ON and OFF have the same wobble offset allows to
estimate the background during each observation. The normalization α factor in
the Equation 3.8 is simply 1/nOFF . Following Equation. 17 from Li & Ma [112],
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(a) (b)

Figure 3.10: Schematic of ON and OFF regions in the (a) Reflected Region and
(b) the Ring Background method. Images courtesy [111].

the statistical significance of the excess is:

S =
√

2
{

NON ln
[

1 + α

α

NON

NON + NOFF

]
+ NOFF ln

[
(1 + α) NOFF

NON + NOFF

]}1/2

.

(3.9)
The background subtraction also affects the energy range of the measured spectrum.
The intrinsic source properties are provided by the measured spectrum, which gives
insights on the acceleration power. The method used in this work to measure the
energy spectrum with H.E. S. S. data is described next.

3.6.4 Spectrum

To study the high-energy emission from a given source, an accurately reconstructed
gamma-ray energy is important. In astrophysics, the energy spectrum refers to the
source differential flux as a function of energy. The measured energy spectrum gives
information about the acceleration processes, responsible for powering particles up
to very-high-energies. Telescope arrays built on the ground must determine the
gamma-ray energy based on the sampled density of the Cherenkov light, which is
affected by different observation conditions i.e zenith angles, offaxis angles, optical
efficiency and other instrument limitations. The observational conditions like zenith
angles, offaxis angles and the optical efficiency are noted as C in the following. To
correct for these effects, is important to know the effective area and the angular
resolution of the detector as a function of C.
The effective area A(E,C), is related to the detector acceptance, the probability to
detect a particle as a function of C, impact parameter and energy. For a gamma-ray
with a fixed energy, the effective area A(E,C) is calculated as a function of the
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zenith, offaxis angle and optical efficiency by integrating the detector acceptance
over impact points on the ground (transforming probability to area) and stored in
multidimensional tables. Thus, depending on the different observation conditions,
tables allow to interpolate in the whole parameter space. Figure 3.11b shows an
example of an distribution of the effective area versus the energy and the zenith
angle. In absence of statistics in the low energy range, irregularities on the tables and
zero acceptance values are introduced. Such problems are avoided in the spectrum
calculation by introducing an energy threshold which for a standard H.E. S. S. I
analysis is typically set to 10 % of the maximum effective area.
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Figure 3.11: (a) Example of an energy resolution table in Model Analysis. For
a set of parameters, it gives the probability density to measure the
energy Erec for a given true energy Etrue. (b) Effective area of Model
Analysis for a given set of paramters.

The energy resolution R(E ′, E, C) is the probability density of reconstructing an
event energy E′ given the true energy E. Both, the effective area and the energy
resolution are calculated from simulations. Figure 3.11a shows an example of an
energy resolution table in Model Analysis.
The expected number of events nγ in a given energy bin [E ′1, E ′2] is calculated as
follows:

nγ =
∫ E′2

E′1
dE ′

∫ ∞
0
R(E ′, E, C)×A(E,C)× φ(E) dE, (3.10)

where φ(E) is the true flux of the source. For a given energy bin with nγ gamma
rays and nh hadron events described by Poisson statistics, a likelihood minimization
procedure is performed. The minimization fit determines the spectrum parameters
that best describe the distribution of events. Additional information like parameter
uncertainties and the covariance matrix between parameters are also determined.
The spectrum is calculated using a “forward-folding” method i.e. the fit is per-
formed assuming a shape for the spectrum of the source. The spectral shapes of
different sources, motivated by the Fermi acceleration are approximated by different
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functions. The most simple spectral shape is given by a power-law function:

dN
dE = N0

(
E
E0

)−Γ

, (3.11)

where N0, E0 and Γ are the normalization, reference energy and spectrum index.
After their mathematical expressions are given, a physical interpretation is impor-
tant. The simplest case of a power law spectral shape tells that the differential flux
is changing (increasing or decreasing depending on the value of Γ) as a function of
E in a manner that must be related to the acceleration and radiation mechanisms
at place in the source.
Other spectral shapes are found to better describe the energy spectrum for other
sources but the ones used on this work are presented below. In case of curvature in
the measured spectrum, a log-parabola function is used:

dN
dE = N0

(
E
E0

)−α−βln E
E0
. (3.12)

A power law with an exponential cut-off at Ec is popular as well:

dN
dE = N0

(
E
E0

)−Γ

exp(− E
Ec

). (3.13)

At the analysis level, the energy threshold for the spectrum is calculated from the
effective area. For H.E. S. S. I analysis, the energy threshold for each event is set to
10% of the maximum effective area. For mono analysis the threshold is set at 25%
of the maximum effective area. However, these values can be changed for specific
sources and different sky regions.
After the spectrum of a given astrophysical source is measured, other physical prop-
erties can be studied. The lightcurve, which provides information about the flux
evolution with time, is described next.

3.6.5 Lightcurve

The term lightcurve commonly denotes the time evolution of the integrated flux
in a given energy range. This is based on the principles described above and uses
the best-fit spectrum values to calculate the integral flux in a given energy range, or
above a given energy. The accuracy of the lightcurve is important when studying the
flux evolution of variable sources like active galaxies, which are known to undergo
flaring activities. The lightcurve has to be sensitive when investigating TeV flux
variability for other sources like the Crab Nebula, which is found to be variable in
the GeV energy range.
In the method presented here, the integral flux is determined via a likelihood mini-
mization. For each time bin, the excess number of events is defined by Equation 3.8.
The spectral index is kept fixed to the value obtained in the spectrum determination
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and the integral flux is calculated in different time bins. The integral flux above 1
TeV is calculated as follows:

Φ(E > 1TeV) =
∫ ∞

1 TeV

dN
dE dE, (3.14)

where the spectrum shape dN/dE varies depending on the source properties. This
method is used also when performing analysis on short time bins, if there are enough
statistics. The systematic errors on flux for H.E. S. S. is estimated to be 20 % [113].
Other methods have been developed, i.e. the Transient Analysis for variability
studies. These tools are described in [114] and they are used as a cross-check for the
H.E. S. S. II lightcurve presented in Chapter 6.

3.7 Multivariate Analysis

Discriminating signal events from the vast background events requires sophisticated
analysis techniques. If the event is characterized by a number of independent vari-
ables, it can be categorized using a MultiVariate Analysis (MVA). The MVA used
for this analysis is implemented in the Toolkit for MultiVariate Analysis (TMVA),
a software distributed with ROOT [115]. TMVA includes different algorithms for
MVA such as neural networks, Likelihood classifiers or Fisher discriminants which
in general have a very similar working scheme.
Boosted Decision Trees (BDT) is an MVA method commonly used in high-energy
physics. Like all MVA, it combines a set of input variables to one single discriminant.
The strength of the BDT is the capability of exploiting nonlinear correlations of the
input variables and the high efficiency to ignore input variables with low or no
separation power. The BDT algorithm adapted for the H.E. S. S. I data showed
to be powerful for discriminating gamma rays from background hadronic induced
showers (see [106]). In the following the basic principles of a BDT and the adaption
of this method for monoscopic reconstruction of H. E. S. S. II events are described.

3.7.1 Boosted Decision Trees

BDTs provide a powerful machine learning algorithm for event classification. The
decision tree is based on binary split criterion which classifies events as signal or
background. The classification starts at the first node with a binary decision taken
based on the most discriminating input variable (see Figure 3.12). Consequently, the
classified events suffer other binary splits based on the most discriminating remaining
input variables until a maximum tree depth is reached. The input variables can be
ranked by discriminating power using for example the Gini index, which is based on
the signal purity p after the cut (p = NS/NS+B). It is calculated as p(1−p) and the
optimal cut is found by minimizing it. The most powerful input variable is the one
with the lowest Gini index. This phase space decision is sequentially repeated at
each node, until each events is well positioned in a classification parameter space.
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For their application as a signal-background discriminant in the H.E. S. S. analysis,
the BDT is trained with Monte Carlo data. Since one single decision tree is prone to
statistical fluctuations in the training sample, a forest of decision trees (boosting) is
taken i.e. the classification process is repeated over many times. After each boost,
misclassified events from the previous tree are multiplied with a weight α. This is
called the AdaBoost or adaptive boost method and α is calculated as follows:

α = 1− ε
ε

, (3.15)

where ε is the fraction of misclassified events. The output of the BDT, ζ is calculated
from the following formula:

ζ(x) = 1
NTrees

∑
i

ln(αi)hi(x), (3.16)

where NTrees is the total number trees in the forest, hi and αi are the classifier
response and the boost weight for each tree, respectively. The classifier response hi
delivers -1 for background-like and +1 for signal-like events, hence the values of ζ
are distributed between -1 and +1.

Figure 3.12: Schematic view of a decission tree where each event is characterized
by a set of input varibales Mi(mi,1, ...). The event classification at
each node follows a binary split criteria. Image courtesy [106].

3.7.1.1 BDT Settings

The BDT implementation in ROOT is distributed with default parameters. In
general they are optimized for stable training, but they need to be understood and
checked as they might cause other problems e.g. overtraining. A stable set of
parameters found for the thesis work is described below:
• NTrees: the number of trees in the forest is 200, a compromise between sep-

aration performance and processing power. The larger this number is, the
larger is the computing time needed for the classification.
• Gini Index: the method used for ranking the variables (see text).
• MaxDepth: the maximum depth of the decision trees allowed is 500.
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• nCuts: to find the optimal cut value for each event variable, the parameter
space is scanned with a step size of 100. This is to find the optimal cut in each
node splitting.
• PruneMethod: the tree pruning is a process to eliminate the unimportant

nodes. This work uses the CostComplexity algorithm, which compares the
cost and the additional output in classification performance in case of further
splitting below a certain node. The default algorithm parameters are used.

3.7.2 Monoscopic reconstruction

A multivariate analysis relying on BDTs is an alternative method that provide
powerful gamma/hadron separation for H. E. S. S. data. The multivariate analy-
sis method was tested on the H.E. S. S. I data and was implemented also in the
ParisAnalysis framework as an additional analysis tool for the users. Observa-
tions with H.E. S. S., but also with high-energy instruments in general are prone to
large systematic effects, so different reconstruction techniques are developed. Cross-
checking results with two different analysis frameworks has become a mandatory
procedure within H.E. S. S. Besides the ParisAnalysis based on Model Analysis,
another analysis framework called HAP works with an independent calibration and
event reconstruction scheme [116]. The MVA methods are widely used in the HAP
framework. For the study presented in the following, the MVA with the BDT
was adapted and implemented for monoscopic reconstruction in the ParisAnalysis
framework.
The analysis of H. E. S. S. II data using solely information from CT5 is challenging
due to the large systematic effects, especially at low energies. This motivated the
refinement of the monoscopic identification with the BDT, planned for a later ap-
plication to lower the energy threshold of the Crab Nebula, the main subject of this
thesis with H.E. S. S. experiment.
After describing the BDT training procedure, the main input variables used for the
signal/background event separation and the corresponding results are given.

Training of the BDT

A BDT must be trained with events of known type and classification, in this case
signal and background event samples. The signal sample consists of Monte Carlo
gamma events simulated with a power law spectrum with a spctral index of 3, us-
ing the latest software of ParisAnalysis. The generation of Monte Carlo events
was done at offset angles of 0.5 degrees, zenith angles ranged between 0 and 25
degrees and azimuth angles of 180 degrees. This restriction is to limit computing
time while checking the validity of the method for a given acceptance range before
it is expanded to the whole dynamic range of H. E. S. S..
The background events are from the OFF regions of observations on PKS 2155-304, a
distant (z=0.116) extragalactic BL Lac source continuously monitored by H.E. S. S.
As an extragalactic source it has the advantage of a uniform background distribution
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across the camera of the telescope and no contamination from the diffuse emission of
the Galactic plane. A run selection is done to match the Monte Carlo simulations:
only runs with zenith angles between 15-25 degrees and offset angles of 0.5 degrees
from the camera center were used.

Figure 3.13: Example of input variable distributions for signal and background in
the energy bin 700 GeV < E < 1 TeV for zenith angles between 15-25
degrees. They reveal the variables with little to no separation power
e.g. the Mean Scaled Background Goodness and with high separation
power, e.g. the Mean Scaled Shower Goodness.

To avoid problematic events which cannot be well parametrized, both samples are
filtered before the training. For instance, a cut on the nominal distance i.e. the
distance between the center of the gravity of the reconstructed image and the camera
center is applied to avoid events falling on the camera edge. These events are usually
truncated and consequently not well parametrized. Possible contamination from
real gamma rays from the ON region of PKS 2155-304 is mitigated by a cut on the
squared angular distance between the reconstructed and true direction, with values
of ϑ2 > 0.3 for signal and ϑ2 < 0.1 for background events. The input variable
distributions for each training sample were checked and since some strange behavior
was seen in the Direction Error distributions, another cut at DirError < 0.8 was
applied for both samples.
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Energy bins boundaries [GeV] 30 70 100 300 500 700 1000
Zenith bin boundaries [degrees] 0 15 25 35 42.5 47.5 52.5 60

Table 3.3: The BDT training bins in energy and zenith.

For the training, 6 energy bins and 7 zenith bins have been constructed as in Table
3.3, resulting in a total of 42 bins. For each energy and zenith band, one BDT
is created and trained with the samples introduced above. The different training
bands in energy and zenith are motivated by the dependence of the Cherenkov
photon density on these parameters. For the chosen samples, only 14 bins have
enough events to complete the training, which is due to the zenith angles choice. To
proceed with the BDT training in each bin, a minimum of signal and background
1000 events is required.

(a) Energy band 30 to 70 GeV. (b) Energy band 700 GeV to 1 TeV.

Figure 3.14: The BDT output distributions for signal (blue) and background (red)
in the first zenith bin (15 - 25 degrees) in different energy bands. The
overlap of signal and background in the low energy band is excepted
as monoscopic observations are poor for background discrimination.
At high energies the separation is better.

The list of considered input variables includes the Mean Scaled Shower Goodness,
the Primary Depth, the Mean Scaled Background Goodness, the NSB Likelihood and
the Direction Error. Figure 3.13 shows some input variable distributions, where it
can be seen that the Mean Scaled Background Goodness has no separation power
which led to its exclusion from the list of input variables. The input variables with
the highest discriminating power are found with the TMVA variable ranking and
correlation plots. The list of input variables kept for the training is:
• Mean Scaled Shower Goodness
• Primary Depth
• Direction Error

The selection and ranking of these variables as the most important ones is not
surprising, as for example the Mean Scaled Shower Goodness was delibaretely con-
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structed for a good separation in the Model Analysis framework. is the primary
discrimination parameter used in Model Analysis, along with the other ones.
These variables complement each other to cover a wide energy range as some vari-
ables are better for the discrimination at high energies while others are better at low
energies. For instance, the DirectionError is a better parameter at high energies.
For the training phase, 70 % of the sample was used. The rest was reserved for
the application, where the performance of the BDT in each training band is bench-
marked.
Figure 3.14 shows the BDT output distribution for signal and background events
in both a high and low energy band for zenith angles between 15 and 25 degrees.
The other training bands are not shown. Even after adding new input variables,
the BDTs discrimination power does not improve and is still problematic at low
energies. This is expected, as the monoscopic background separation in the energy
range of 30 to 70 GeV is complicated. At highest energies, this discrimination is
more powerful. Based on the BDT output, the cut on the ζ for gamma/hadron
separation can be optimized depending on the physical motivation and use.

3.7.3 Discussion

A gamma-hadron separation of monoscopic events with a MVA was investigated.
To perform an event separation using the BDT algorithm requires a good training
sample. For the work presented here, the BDT provides a good separation at the
highest energies, especially in the last band (700 GeV - 1 TeV), whereas at low
energies O(10GeV ) the signal and background BDT output is more overlapping.
The BDT was also tested on the Crab Nebula, the prime subject of this thesis work
with H.E. S. S. The goal is to measure the spectrum in a wide energy range, hence
make profit of the H.E. S. S. II observations to lower the energy threshold. This
asks for a stable and powerful gamma-hadron separation, especially at low energies,
where the separation is difficult due to the monoscopy. As the Crab Nebula can
be observed only at zenith angles above 45 degrees, the separation is even more
complicated. The energy threshold form H.E. S. S. I, using stereoscopy was 440
GeV on the Crab Nebula [113]. The Model Analysis for monoscopic reconstruction
gave an energy threshold of 250 GeV (this work is presented in Chapter 6). The
poor separation power of the BDT for low energies and high zenith angles excluded
the possibility to use the BDT for the Crab Nebula analysis.
The BDT already used for event separation within H.E. S. S. is based on the Hillas
parameters. To adapt the BDT separation power with the Model variables for
monoscopic use would require a deep and detailed study which goes beyond the
scope of this thesis.
The parameters are adapted in the ParisAnalysis framework for the users and are
functional for further sources or tests.
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3.8 Summary

The H.E.S.S. experiment in Namibia has been observing the sky in gamma rays
since 2003. H. E. S. S. Phase-I consisted of four similar IACTs. The H.E. S. S. II
telescope, the biggest IACT up-to-date installed in 2012 allowed H.E. S. S. to lower
the energy threshold down to few tens of GeV. At present time, H. E. S. S. observes
the gamma-ray sky from few tens of GeV up to hundreds of TeV. The status of the
experiment and the main characteristics of the five telescopes were given. Different
event identification techniques developed for IACTs were introduced. The Hillas re-
construction, traditionally used by the IACTs, naturally leades to a gamma-hadron
separation based on the Hillas parameters. TheModel Analysis, based on shower im-
age fitting with a semi-analytical model for the discrimination is the one used in this
work. The data analysis with Model Analysis and the corresponding variables are
described. A BDT-based multivariate analysis provides another method to separate
gamma/hadron events in H.E. S. S. It was adapted for monoscopic reconstruction
of the H.E. S. S. II data and implemented in the ParisAnalysis framework.
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Chapter 4

Characterizing the Gamma-Ray
Variability of B2 1215+30

Blazars are Active Galactic Nuclei with a relativistic jet pointing close to the ob-
server’s line-of-sight, with highly relativistic particles moving in a magnetic field and
emitting non-thermal radiation. This radiation, studied at all wavelengths, reveal
blazars as amongst the most energetic and luminous objects in the Universe. They
are known to undergo extreme, high-amplitude, variable emission at all wavelengths,
with some of them undergoing flux increments at very-high-energies by a factor of
almost hundred on time scales of only three minutes minutes [57]. Doppler factors
greater than 100 are required to explain such extreme phenomena [57]. Observing
variability of the gamma-ray flux on time scales as short as minutes is a common
property of blazars [117, 118]. Multiwavelength monitoring of such events disclosed
simultaneous flux increments at different energies for some blazars. This is impor-
tant information to understand and characterize the emission from blazars.
B2 1215+30 is a BL Lac object located at a redshift of z = 0.13. It was listed as
a gamma-ray emitter in the first Fermi-LAT bright catalog in 2009, where it was
classified as a potential TeV emitter. It was first detected at TeV energies by the
MAGIC experiment in 2011 after triggering an optical high flux state [119, 120] and
was detected later by the VERITAS experiment as well [121].
We investigated the gamma-ray emission of B2 1215+30 over five decades in energy
with the Fermi-LAT and VERITAS experiments. In collaboration with VERITAS,
two gamma-ray flares detected during 2013 and 2014 at very-high-energies were
studied in the energy range of Fermi-LAT. This work resulted in the detection of
a simultaneous flare occurring in 2014 by VERITAS and Fermi-LAT. The results
of this study, to which the author contributed, were published in [122]. Along with
other multiwavelength observations, they characterize the emission from this source.
The variability doubling time scale detected by the Fermi-LAT during the 2014 flare
was less than 9.0 h. The measurement of the flaring amplitudes with Fermi-LAT
allowed for an estimation of the Doppler factor and for setting constraints on the
size of the emission region, results which were further constrained by the VERITAS
flaring amplitude measurements in the very-high-energies.
To study other flares and further investigate the emission at GeV energies, all the
data accumulated by Fermi-LAT spanning more than nine years was used. This
resulted in the detection of three major flares, where the flux exceeded by a factor
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of 16 the quiescent state, including the 2014 flare. Other significant flaring activities
occurred between 2015 and 2017, but not as bright as the 2014 flare. These flaring
activities are used to determine the variability time scale and set constraints in the
size of the emission region as well. The analysis with public Fermi-LAT data in the
energy range from 100 MeV to 500 GeV is conducted and presented in this chapter.
This chapter is organized as follows: Section 4.1 gives a short summary on the blazar
B2 1215+30. Sections 4.2, 4.3 and 4.4 describe the VERITAS, Fermi-LAT and mul-
tiwavelength observations of the 2013 and 2014 time periods, respectively. The long-
term lightcurve and the latest flaring activities of B2 1215+30 with Fermi-LAT are
presented in Section 4.5. The summary and conclusions are given in Section 4.7.

4.1 Introduction

B2 1215+30, also known as ON 325 or 1ES 1215+303, is a BL Lac type located
at a redshift of z = 0.13 [123], corresponding to a luminosity distance of dL =
592Mpc (for a Friedmann universe with H0 = 73 km s−1 ly−1, Ωm = 0.27 and
Ωλ = 0.73). The 408 MHz radio source catalog of the Bologna Northern Cross
telescope lists 3235 radio-sources, named after the B2 survey plus source coordinates.
The appearance of B2 1215+30 in this catalog in 1970 marks its first discovery [124].
B2 1215+30 was subsequently discovered by other instruments in different energy
bands resulting in its classification as a BL Lac type object. It was first discovered
by Fermi-LAT in 2009, when it was listed among 205 other sources in the first
Fermi-LAT bright source catalog produced with only 3 months of data [119] and
it appears in all later Fermi-LAT catalogs with a hard spectral index [125]. As B2
1215+30 is located in the northern hemisphere, it can be seen at very-high-energies
only by the VERITAS and MAGIC experiments. The first TeV emission from the
source was reported in 2011 by the MAGIC telescopes, detected after triggering an
optical outflow [120]. It was subsequently detected by the VERITAS experiment in
2012 with observations carried out between 2008 and 2012 [121]. MAGIC detected
the source in a brighter state during 2011 observations, with integral flux (7.7 ±
0.9) ×10−12 cm−2 s−1 above 200 GeV, with spectral index of Γ = −2.96±0.14 [120].
VERITAS detected the source in a relatively bright state in 2011, with spectral
index of power-law spectral index Γ = −3.6±0.4 and integral flux above 200 GeV of
(8.0±0.9)×10−12 cm−2 s−1 [121]. The here-discussed observations from MAGIC and
VERITAS experiments claim flux variability on time scales longer than months.
High amplitude flux variability is a distinctive characteristic of blazars. During
such events, some blazars are found to exceed the flux of the Crab Nebula at very-
high-energies, which is remarkable as the Crab Nebula is so much closer, and is
in fact the brightest very-high-energy source. The spectral energy distribution is
characterized by a double-hump structure with one peak located in the radio-to-
UV/X-ray range and a second one in the X-to-gamma-ray range. The first peak is
attributed to the synchrotron radiation from the relativistic electrons moving in the
jet’s magnetic field. The origin of the second component is still under debate, where
two different scenarios of hadronic or leptonic origin exist. In the leptonic scenarios
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it is commonly believed that the second component arises from electrons that suffer
inverse Compton scattering with low energy photons. The origin of the low-energy
photons responsible for the IC is still unclear.
B2 1215+30 is classified either as an intermediate BL Lac or high frequency peaked
BL Lac (HBL) based on the position the SED synchrotron peak at log10 νpeak = 15.58
Hz [126, 127].
Simultaneous observations of B2 1215+30 with the Fermi-LAT and VERITAS dur-
ing two very-high-energy flaring episodes detected at very-high-energies are pre-
sented in the following sections. Some of the observations of B2 1215+30 in other
energy ranges are briefly described after.

4.2 VERITAS Observations

VERITAS (Very Energetic Radiation Imaging Telescope Array System) is an array
of four IACTs located at the Fred Lawrence Whipple Observatory in southern Ari-
zona [32]. VERITAS is sensitive to gamma rays in the energy range between 0.1 and
30 TeV. For these observations of B2 1215+30, data were all taken in wobble point-
ing mode [128], considering that another TeV source, 1ES 1218+304, is in the same
field of view, offset 0.76◦ from B2 1215+30 . Standard VERITAS data processing
techniques were used for the analysis, as described in [129, 130].
VERITAS observations carried out between MJD 56686 to 56802 (see Table 4.1)
resulted in a detection of gamma-ray signal from B2 1215+30 with a statistical
significance of 23.6σ and between MJD 56298–56424 with 8.8σ. The top panel of
Figure 4.2 shows the 2013 light curve in 1-day time bins, with an average flux over
the entire data set of (6.0 ± 1.2) × 10−12 cm−2s−1. The top panel of Figure 4.3
shows the 2014 light curve in 3-day time bins, with an average flux over the entire
data set of (2.4± 0.2) × 10−11 cm−2s−1. With the exception of 2014 February 08,
the observed nightly fluxes are comparable to previously-reported yearly-averaged
values [120, 121]. On the night of MJD 56696 (2014 February 08) VERITAS mea-
sured a gamma-ray flux of (5.0±0.1)×10−10cm−2s−1, which is more than twice that
of the Crab Nebula. The source was detected with a statistical significance of 46.5σ
in an exposure of 45 minutes. Given the strength of the signal, the light curve in
5-minute time bins is derived. The flux on the night of the flare was more than 60
times brighter than the average flux previously reported by MAGIC and VERITAS
from this source [120, 121], making this one of the brightest flares detected in a
blazar. All the errors quoted are 1-σ statistical errors.
The preliminary results of the VERITAS on the B2 1215+30 motivated the search
of variability in the GeV energy range from Fermi-LAT. The analysis and results
obtained from the Fermi-LAT observations, simultaneous with the two periods here
discussed are given in the following.
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4.3 Fermi-LAT Observations

Fermi-LAT is monitoring the high-energy sky in survey mode since 2008. The
data accumulated by Fermi-LAT is publicly available, released in the form of event
(PH) and spacecraft (SC) files. They contain all the event information for a given
source and spacecraft pointing positions1. Since the launch of Fermi-LAT, the data
is continuously updated by the LAT team using more sophisticated reconstruction
techniques and IRFs. The latest reconstruction technique (Pass 8) leads to a better
PSF and a substantial increase of gamma-ray acceptance, i.e. higher photon detec-
tion probability. This allowed a better reconstruction up to 500 GeV compared to
the previous one (Pass 72), as described in Chapter 2.
The data presented here was retrieved from the Fermi Science Support Center3
(publicly available) and analyzed with Pass 8. We used all the data on B2 1215+30,
accumulated by Fermi-LAT in survey mode to study and characterize the gamma-
ray emission at energies larger than 100 MeV. The data analysis for two periods of
five months in 2013 and 2014, contemporaneous with VERITAS observations are
presented in the following section. It was conducted with the likelihood framework
provided in the FermiScienceTools software package, version v10r0p54.

4.3.1 Event Selection

Two time ranges were selected from the Fermi-LAT data matching the VERITAS
observation periods in order to perform a contemporaneous data analysis: from 2013
January 6 to 2013 May 12 and from 2014 January 1 to 2014 May 25. A circular
RoI of 10 degrees, centered on the position of B2 1215+30 (R.A. = 12h17m52s, decl.
= +30◦07′00′′1, J2000) was selected. Only events with energies 100 MeV < E <
500 GeV from the RoI were selected and analyzed. Gamma rays from the Earth’s
limb contaminate the sample each time the Earth enters the Fermi-LAT field of view.
These time intervals, corresponding to a rocking angle > 52 degrees were removed.
A further quality selection was applied by accepting only events with zenith angles
less than 90 degrees.
Figure 4.1 shows the counts map around the position of B2 1215+30 for the 2014
data set. This region of the extragalactic sky is interesting since it is populated
with bright high- and very-high-energy gamma-ray sources. All of them are BL Lac
type objects and TeV emitters, except for MS 1221.8+2552 and GB6 J1159+2914
with no TeV emission detected so far. One can distinguish the BL Lac object 1ES
1218+304 (z=0.182), a bright TeV emitter located at (R.A. = 12h21m26.3s, decl. =
+30◦11′29′′, J2000). B2 1215+30 and 1ES 1218+304 are two nearby sources exhibit
opposite brightness behaviour in the GeV and TeV energy bands. B2 1215+30
appears brighter in the GeV energy range and more faint in TeV, whereas 1ES
1218+304 exhibits the opposite behaviour [121].

1https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
2https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
3http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
4http://www.fermi.gsfc.nasa.gov/
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Figure 4.1: The B2 1215+30 counts map for a 20 degrees x 20 degrees RoI, chosen
larger than the RoI in the analysis for illustrative reasons. The map
was produced with Fermi-LAT 2014 data. The position of B2 1215+30
is marked with a green cross and all other bright sources are marked
with white crosses. The VERITAS field of view (3.5 degrees) is shown
for comparison.

4.3.2 Background Modeling and Source Detection

The likelihood framework requires a proper background model, and three back-
ground categories were further considered in the analysis. The first two are Galactic
and extragalactic diffuse emission, which the Fermi-LAT is sensitive to [83, 131].
The Galactic diffuse model is provided in FermiScienceTools by a spatial and
spectral template represented by a set of energy dependent maps scaled to the ex-
pected intensity. The isotropic diffuse model is a spectral template from a fit to
the all-sky emission (|b|>30◦ that includes both extragalactic diffuse gamma rays
and the remaining residual (misclassified) cosmic-ray emission. The isotropic back-
ground and the Galactic diffuse emission were modeled with the iso_source_v05
and gll_iem_v05 templates and the recent instrument response functions (IRFs)
P7REP_SOURCE_V155 from the FermiScienceTools were used.

5http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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The third major background are events from the other sources in the vicinity of
B2 1215+30. This type of background is modeled considering all known gamma-
ray sources from the third Fermi-LAT catalog (3FGL) up to 5◦ outside the RoI
edges [44]. Including this 5◦ band outside the RoI accounts for spill-over events,
caused by PSF tails from sources close to the RoI edges. The catalog lists sources
detected with a significance of at least 3σ. The detection significance is determined
from the likelihood difference of the background-only model and the background
plus source model:

TS = 2∆logL. (4.1)

The source significance is inferred from this test statistic: σ ≈
√
TS. Given that the

3FGL catalog was built on 4 years of data, but only half-year periods were analyzed
in these Fermi-LAT/VERITAS studies, the sources detected with less than 5σ were
treated differently with respect to sources detected above the 5σ threshold in order
to avoid fit convergence problems.
To model the > 5σ sources as good as possible in the contemporaneous data analysis,
their spectral parameters were first fitted on the values from the catalog. The initial
parameters for this global fit were set to the ones from the 3FGL catalog. In the
subsequent modeling of the half-year time periods, only the spectral parameters
were left free. The 3FGL sources below the 5σ threshold were included with all
their parameters fixed to the catalog values, both in the global and half-year fits.
The resulting background model for the chosen RoI consists of 50 point sources, and
no extended sources.
The best-fit parameters from the global fit were used to properly model the back-
ground which is used to derive the spectrum and lightcurve. The procedure and the
results are presented next.

4.3.3 Spectrum

A spectral analysis was performed on B2 1215+30 in the energy range from 0.1
to 500 GeV covering the same half-year time periods. The spectral points were
produced with the standard unbinned maximum likelihood analysis in six energy
bands, equally spaced on a logarithmic scale.
To initiate the fit for background model, a similar procedure as described above for
the gloabl fit was followed. For sources within the RoI with TS > 9, the integral
flux was left free, while the spectral index was fixed at the value obtained during
the global fit. In each energy band, the spectrum best-fit parameters were derived
using a simple power-law model:

dN
dE = N0

(
E

E0

)−Γ
, (4.2)

where N0 is the normalization factor at a chosen reference energy E0, and Γ is
the photon index. The best-fit power law model fit gave a spectral index of Γ =
1.84 ± 0.06 at a normalization of N0 = (6.89 ± 0.56) × 10−12 cm−2s−1MeV−1. In
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Section 4.4.3 is given the flux in each energy band as measured by Fermi-LAT,
plotted with the other observations in the SED representation.

4.3.4 Lightcurve

To derive the lightcurve, the data were divided into time bins of three or one day
duration. The spectrum of B2 1215+30 at each bin was modeled with a simple
power law. For all the sources within the RoI detected with a test statistic value of
TS ≥ 9, only the integral flux was left free while the spectral index was fixed to the
value obtained during the fitting procedure for the entire time range. For the other
sources inside the RoI, detected with a TS < 9, all the parameters were fixed to the
values obtained during the fitting procedure over the whole time period. Figure 4.2
shows the corresponding 2013 lightcurve. For the 2014 data set, the lightcurve is
shown in Figure 4.3. The source exhibits clear variations in flux with a large flare
starting on MJD 56693 (2014 February 05).
The strength of the signal allows to derive 1 day time bin lightcurve around the
flaring period. For this period is derived also the spectrum, which results in a
spectral index of Γ = 1.7± 0.09, showing a hardening during the flare period. The
decaying phase of the 1-day bin lightcurve is fitted with a function of the form
F (t) = F0(1 + 2−(t−t0)/tvar), where tvar is the flux halving time and t0 is the time
corresponding to the peak of the flare. From the Fermi-LAT flare, an upper limit on
the flux halving time of tvar < 9.0 h that constrains the flare at 90 % confidence level
was found. This variability time scale is seen also in other blazars. The strength
of the TeV flare seen by VERITAS in the night of the flare (2014 Feb 08) allows
to derive the lightcurve in 5 minute time bins. VERITAS observations on the next
night (2014 Feb 09) did not show an elevated flux from B2 1215+30. This yield to
a 90% c.l. limit on the flux halving time of 3.6 h.

Instrument Energy range Dates Live time Signal Flux
MJD min cm−2 s−1

VERITAS > 0.2 TeV 56298–56424 25 8.8 σ 6.0± 1.2× 10−12

56330 25 10.5 σ 5.1± 1.0× 10−11

56686-56802 748 23.6 σ 2.4± 0.2× 10−11

56696 45 46.5 σ 5.0± 0.1× 10−10

56697 25 1.6 σ < 1.4× 10−11

Fermi-LAT 0.1–100 GeV
56298 - 56424 28.8 σ 6.8± 0.7× 10−8

56658 - 56802 34.5 σ 1.0± 0.1× 10−7

56693 - 56696 17.4 σ 4.4± 0.7× 10−7

Table 4.1: Summary of the VERITAS and Fermi-LAT results from observations
of B2 1215+30 in different epochs from 2013 and 2014. The VERITAS
upper limit is computed at 95% c.l. assuming a power-law spectrum
with index Γ = 3.0.
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Figure 4.2: TeV and GeV lightcurves of B2 1215+30 in 2013. Fluxes are calcu-
lated in 1-day bins for VERITAS (red squares). The red dashed line
shows the yearly averaged TeV flux in 2011 (8.0×10−12 cm−2 s−1) [121].
The Fermi-LAT fluxes are calculated with 1-day integration bins (blue
crosses), in the energy range 100 MeV < E < 500 GeV. The blue
dashed line correspond to the average flux from the 3FGL catalog [44].
For the Fermi-LAT data, down-pointing triangles indicate 95 % c.l.
upper limits for time bins with signal smaller than 2σ.

Multiwavelength observations of the source on X-rays, UV and Optical bands cov-
ering this flaring period are described next.

4.4 Multiwavelength observations

4.4.1 X-ray Observations

Swift was launched in 10 November 2004 by NASA with three instruments on board:
a Bust Alert Telescope (BAT); an Ultraviolet/Optical Telescope (UVOT); and X-
ray telescope (XRT) [133]. These instruments are designed for monitoring the sky
in a wide energy range. Below are described the analysis of the data taken from
these two these instruments.

Swift-XRT The X-ray telescope is designed to measure X-rays in the 0.2 - 10
keV energy range [133]. An observation by Swift XRT Observatory was carried out
one day after the VERITAS 2014-detected flare with an exposure of 1.97 ks. The
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Figure 4.3: B2 1215+30 light curves for the 2014 data. In the top panel, the VER-
ITAS integral fluxes in 1-day time bins are plotted. The red dashed
line shows the yearly-averaged TeV flux in 2011 [121]. The gray dashed
lines correspond to one and two Crab Nebula flux. One Crab corre-
spond to (2.1 ± 0.2) × 10−10 cm−2 s−1, for E > 0.2 TeV [132]. Using
the Fermi-LAT data the integral fluxes were calculated in 3-day (blue
crosses). Down-pointing triangles indicate 95 % c.l. upper limits for
time bins with signal smaller than 2σ. The blue dashed line corre-
spond to the average flux from the 3FGL catalog [44]. The yellow
points correspond to 1-day time bins derived around the flare period.
The bright flare is seen simultaneously by the two experiments at the
GeV and TeV energies on February 2014.

data were obtained in photon-counting (PC) mode and processed with xrtpipeline
tool (HEASOFT 6.16). The source and background-extraction regions were defined
as a 20 pixels (∼ 4.7 arcsec) radius circle and a 40-pixel radius circle positioned
near the former without overlapping, respectively. The exposure shows a stable
source-count rate of ' 0.3 counts s−1, suggesting negligible pile-up effects in photon-
counting mode [134].
The spectral fitting was performed with PyXspec v1.0.4 [135] , using the dedicated
Ancillary Response Functions generated by the xrtmkarf. The spectrum was re-
binned to have at least 20 counts per bin using the grppha, and ignoring the channels
with energy below 0.3 keV in the XRT-PC data [136]. A power law model was fit-
ted on the data, dN/dE = N0(E/E0)−ΓX . Using a hydrogen column density of
NH = 1.68× 1020 cm−2, the power law model fit describes good the data with a chi
square test (P (χ2) = 0.42) and a photon index of ΓX = 2.54± 0.07.
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Swift-UVOT Swift-UVOT is a 17 arcmin square FoV operating in the ultraviolet
and optical regime [137]. The Swift-UVOT data were analyzed by extracting the
source counts from an aperture of 5.0 arsec radius around the source. The back-
ground counts were taken from four neighboring regions with equal radius. The
magnitudes were computed using the uvotsource tool (HEASOFT v6.16), corrected
for extinction using E(B-V).

4.4.2 UV and Optical Observations

The optical R-band observations on B2 1215+30 were taken using two telescopes:
the 35 cm Celestron telescope attached to the KVA 60 cm telescope (La Palma, Ca-
nary Islands, Spain) and the 50 cm Searchlight Observatory Network telescope (San
Pedro de Atacama, Chile). The data were taken as part of the Tuorla blazar mon-
itoring program and were analyzed by their team using a semi-analytical pipeline
developed at the Tuorla Observatory [138]. From the data analysis one can conclude
that there is no hint of flux variations during the period analyzed. The contempora-
neous optical data described here are plotted in the SED, which is described next.

4.4.3 Spectral Energy Distribution

The spectral energy distribution, in νFν representation is shown in Figure 4.4. Cyan
and red points show the results obtained during this work. Observations from the
Tuorla and XRT taken during the flare period are shown as well. The archival
data are shown in gray and they are all the data being published before the time
period analyzed during this work [121]. The two-bump structure in the SED is
clearly visible with the location of the synchrotron peak between UV and X-rays.
The inverse Compton peak is located in the gamma-ray energy band. The 2014
period presented and analyzed here resulted in flux variability at high and very-
high energies detected by Fermi-LAT and VERITAS respectively. The Fermi-LAT
spectrum points, marked as red squares correspond to the 2014 period. They show
a clear shift on flux compared to the previous observations reported on [121]. The
SED with a leptonic model can be found here [122].

4.4.4 Size of the Emission Region

During the flare episodes an emission region emerges, whose size cannot vary on
time scales shorter than the time needed to cross the region at the speed of light.
For relativistic speeds the Doppler boost of the emission region has to be taken into
account. If the bulk emission region moves with a Lorentz factor Γ, at an angle θ
to the line of sight, the resulting Doppler factor is:

δ = 1
Γ(1− β cosθ) , (4.3)
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Figure 4.4: Spectral energy distribution of B2 1215+30. The cyan and red points
correspond to the Fermi-LAT data and other observations from this
work as indicated in the legend. The gray points are the archival points
from [121].

with β = v/c and Γ = 1
1−β2 . For a source at a redshift z, with a variability time

scale tvar, the source size is limited to:

R ≤ c tvarδ/(z + 1). (4.4)

The lightcurves derived with the VERITAS and Fermi-LAT show evidence for a
short variability time scale. Opacity arguments for the pair production were used
to set a limit on the Doppler factor of the relativistic jet, as explained below.
In the following the approach proposed by Dondi was adapted [139]. These argu-
ments are used to explain the high luminosity produced in compact regions from
the BL Lac objects. The short variability time scale and the high luminosities in
gamma rays are not expected from very compact volumes with gamma rays. Photons
with sufficient high energy can annihilate to produce an e−/e+ pair, hence energetic
gamma rays will suffer from attenuation with the low-energy photons and result in
softer radiation. The beamed radiation from the relativistic jet can explain the high
luminosities from very compact regions and the short variability time scales.
In this calculation we assume a Friedmann universe with H0 = 73 km s−1 Mpc−1,
Ωm = 0.27 and Ωλ = 0.73 and that the high and the low energy radiation are
produced in a single region of the source. Assuming a spherical emission region,
the radius of this region is constrained to be less than Equation 4.4. We assume
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also that the high energy photons and the soft photons are produced in the same
region.
It can be shown that the Doppler factor δ is found to be:

δ ≥
[
σTd

2
L

5hc2 (1 + z)2α 1
tvar

F1keV

(
Eγ
GeV

)α] 1
(4+2α)

, (4.5)

where z is the redshift, dL the luminosity distance (see Appendix A for the details
of the calculation). The highest energy photon that resulted from 2014 Fermi-LAT
was 73 GeV. The redshift of B2 1215+30 (z = 0.13) and the luminosity distance
is dL = 614.6Mpc are used in this calculation. To derive the X-ray photon density
flux, observations from the Swift observatory were taken into account. As already
mentioned above, these observations were taken one day after the flare at the very-
high-energies. Assuming the flux does not change, these observations were used to
derive the flux at 1 keV and is found that F1keV = 1.7µJy. Using the variability
time scale and X-ray spectral index of α = 2.5 derived by Swift data, a limit on the
beaming factor is found to be δFermi ≥ 5.0.
Given the simultaneous flare at GeV and TeV energies, more constraining results can
be derived using the flare observations from VERITAS. The variability time scale
derived from the VERITAS 5 minute lightcurve is 3.6 h and was used to calculate
the Doppler factor: δ ≥ 10.
From the simplest leptonic emission scenario, the high-energy component of the spec-
tral energy distribution can be produced via the synchrotron self-Compton mecha-
nism. In the modeling of the spectral energy distribution, a self synchrotron com-
ponent and external Compton were considered [122]. In an SSC scenario, the ratio
between the synchrotron and inverse-Compton luminosities can be used to estimate
the magnetic field. The magnetic field is constrained by following [140] and using
two arguments:

(I) Non-detections by Swift-BAT (15-50 keV) and MAXI (4-10 keV) on the day
of the TeV flare (MJD 56696) can be interpreted as a limit on the hard X-ray
flux of the order of νXFνX 6 2 × 10−10erg cm−2 s−1. This limits the peak
synchrotron luminosity to be Lsyn ≤ 1046erg s−1.

(II) Using Equation 4.5 for the Doppler factor calculation.
From these relations is found:

B ' (1 + z) δ−3
(

2L2
syn

Lγc3tvar

)1/2

,

≤ 1.8 G
(
Lsyn1046 erg s−1

)
(δ/10)−3. (4.6)

A full discussion about the magnetic reconnection with the magnetic field or what
might be the cause of short time scale flares in blazars are discussed more in detail
here [122].
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4.5 Long-Term Variability with Fermi-LAT

In the previous sections the analysis of two different time periods, simultaneous
with the flaring activities detected by VERITAS were presented. Such events are
a distinctive characteristic of BL Lac objects. To further investigate the emission
from B2 1215+30 the variability at GeV energies using all the available data set
from the Fermi-LAT was studied.
Since Fermi-LAT observes the whole sky every three hours, the probability to detect
such events is higher compared to the ground based detectors. The LAT team has
an online monitoring program which is used to send alerts to the other experiments
and have multiwavelength observation of such events. Beside the brightness of the
2014 flare (16× the average flux) the Fermi-LAT online monitoring missed the high
flux activity on B2 1215+30. Hence, a long-term lightcurve would reveal more about
the activities of the source at high-energies.
All the data accumulated with the Fermi-LAT on B2 1215+30 was used to study
the long-term variability. The lightcurve is calculated in time bins by assuming
a power-law spectrum shape. Given the long-term data set, the fluxes are derived
with a separate power-law spectral index fit for each year to account for any spectral
variability in this time range. The flux evolution of B2 1215+30 is studied by
calculating the integral flux, from 100 MeV to 500 GeV in one week time bins. The
one week time bin represents a trade-off between statistics and sensitivity to such
events. Figure 4.5 shows the long-term lightcurve derived from September 2008 1st
to 2017 June 30 or MJD 54710-57934.
This analysis resulted in the detection of three major flares, as spectacular as the
2014 flare [141]. These events were detected during October 2008, February 2014
and April 2017 and the flux exceeded by ×16 the quiescent flux. The strength of
the signal during these flaring episodes allows to derive the lightcurve down to one
day time bin. The one day time bin lightcurves for the three major flares are shown
in the bottom part of Figure 4.5 and the corresponding details are summarized in
Table 4.2.

Fermi-LAT
0.1-500 GeV

Dates Signal Flux
cm−2 s−1

2008 Oct 12 – 2008 Oct 13 15.5 σ (9.2± 0.15)× 10−7

2014 Feb 08 – 2014 Feb 09 12.2 σ (9.2± 0.18)× 10−7

2017 Apr 12 – 2017 Apr 13 14.0 σ (8.0± 0.15)× 10−7

Table 4.2: Summary of the major flares of B2 1215+30 detected in nine years of
Fermi-LAT observations. The strength of the signal and the integral
flux between 0.1 and 500 GeV are given.
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Figure 4.5: Top panel: Long-term lightcurve of B2 1215+30, from 2008 September 1st to 2017 June 30. The integral fluxes are
calculated in one week time bins. The major flares, with weekly averaged flux Φ > 3.0× 10−07 cm−2 s−1 are indicated
by dashed black lines. Bottom panel: lightcurve in one day time bins around the major flares detected during October
2008, February 2014 and April 2017.
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From the long-term lightcurve in Figure 4.5 can be seen the increase of the flux with
the time. To check the significance of this flux increase, a linear fit was performed
to the data. The fluxes and the spectral indices were investigated in a year by year
basics. Figure 4.6 show the yearly average fluxes and the corresponding spectral
indexes. As it can be seen, the flux increases the spectral index gets harder with
time.
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Figure 4.6: Top: The average year-by-year fluxes for B2 1215+30 from 2008 to
2017. Bottom: The corresponding spectral indices for the marked
years. The orange line corresponds to a constant and the green corre-
spond to a linear fit.

To test the significance of this correlation, each of them were fitted with constant
(orange) and with a line (green). The values are summarized in Table 4.3. The linear
fit agrees better with the measurements and shows a clear correlation between the
flux increment with time and a hardening of the spectral index with time.
To investigate the origin the GeV flares the long-term lightcurve was studied further.
If the variability is originating from random processes, the fluxes are expected to be
normally distributed around the mean. This was checked by performing a Gaussian
fit to the flux distribution (Φi − Φ̄)/σi, where is the Φi flux with error σi and Φ̄
is the mean flux weighted by the error. Figure 4.7 shows the Gaussian fit to the
distribution of the data around the mean flux which is assumed to be a constant. By
considering the linear increase of the flux, the distribution of the flux values around
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Year Flux [10 −8 cm−2 s−1] Γ
2009 3.7 1.96
2010 6.8 2.04
2011 5.2 1.98
2012 6.5 1.95
2013 8.6 1.90
2014 9.4 1.92
2015 7.7 1.90
2016 11.4 1.90
2017 12.8 1.85
C : χ2/ndf 266.69/8 18.88/8
L : χ2/ndf 41.85/7 3.88/7

Table 4.3: Year-by-year fluxes and spectral indices of B2 1215+30, corresponding
to the points presented in Figure 4.6. The fit values assuming a constant
C and a linear increase for the flux and spectral index are given.

this value were also checked with a Gaussian fit (see Figure 4.7). Therefore, the
high flux states during luminous flares are not likely connected to the same random
processes that is dominant in the quiet state.
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Figure 4.7: Distribution of B2 1215+30 fluxes for nine years of Fermi-LAT data
measured in one week time bins. The distribution is fitted by a Gaus-
sian assuming a constant flux (blue) and a linear flux (green).

In some blazars, i.e. PKS 2155-304, it was found that flares may be related to a
self-amplifying, multiplicative process [142]. Unlike the random processes where the
flares might originate from additive processes, the flares are result of multiplicative
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processes. In this case, the fluxes are not expected to follow a normal distribution but
the logarithms of the fluxes follow a normal distribution. A “log-normal” distribution
of the fluxes was checked and was not compatible with a normal distribution either.
The multiplicative process do not explain the flares either.
Another possible explanation would be a periodic behavior, as seen for example in
another blazar PG 1553+113 [143]. Probing the B2 1215+30 lightcurve for periodic
behavior a Fourier analysis was performed and is described in Section 4.6.

4.5.1 Recent flaring activities

This analysis resulted in the detection of several flux increments from 2015 to 2017,
where only one flare has been reported by the Fermi-LAT on 2017 April 13 in the
form of an Astronomer’s telegram [144]. The corresponding lightcurves, in one week
time bins for these years are plotted in Figure 4.8. The flux enhancements found
during these years show the high-flux activities of the source. From this it can be
seen an evidence of quasi-periodic behaviour. This is more evident when looking at
the 2016 data (middle plot of Figure 4.8).
The flaring episodes with weekly average flux exceeding the value of Φ > 2.4 ×
10−8cm−2 s−1 are summarized in Table 4.4. The highest flux states of B2 1215+30
are found to occur during 2017 March and April.

Fermi-LAT
0.1-500 GeV

Dates Signal Flux
cm−2 s−1

2015 Jan 01 – 2015 Jan08 12.0σ (2.6± 0.48)× 10−7

2015 Dec 23 – 2015 Dec 30 9.4σ (2.5± 0.48)× 10−7

2016 Dec 16 – 2014 Dec 23 14.2σ (2.4± 0.44)× 10−7

2017 Mar 25 – 2017 Apr 01 21.6σ (2.7± 0.35)× 10−7

2017 Apr 07 – 2017 Apr 15 20.1σ (3.1± 0.38)× 10−7

Table 4.4: Summary of the latest flares from the B2 1215+30 detected with the
Fermi-LAT from 2015-2017. The strength of the signal and the integral
flux between 0.1 and 500 GeV are given.

These results, along with the other years are used to characterize the fractional
variability and are presented next.

4.5.2 Fractional variability

To quantify the spectral variability the statistical properties of the light curves are
also considered. The fractional variability Fvar is a measure of the intrinsic variability
that corrects for the noise [145]. The Fvar is the square root of the excess variance
and is calculated as follows:

Fvar =

√√√√S2 − 〈σ2
err〉

〈X2〉
, (4.7)
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Figure 4.8: Integral flux Φ (100 MeV < E < 500 GeV) in one week time bins for all
the 2015 (MJD 57023-57387) and 2016 (MJD 57388-57753) data sets
in the top and middle panels. The bottom panel shows only six months
of data, from 2017 January 1st to 2017 June 30 (MJD 57754-57934) in
one week time bins.

where S2 is the total variance of the lightcurve, 〈X〉 and 〈σerr〉 are the mean flux
measurements and the mean errors squared respectively. For N points, the errors
on the fractional variability are propagated as follows:

σFvar = 1
2Fvar

√
1
N

S2

〈X〉2
(4.8)

For the long-term lightcurve considered only the time bins where the they have a
detection of at least TS ≥ 4 and the upper limits are excluded. The 〈X〉 is the
unweighted mean flux. The Fvar, which is a measure of the variability power of
the total lightcurve was found to be 30%. This value is consistent with what was
previously reported from B2 1215+30.

4.6 Periodic Behaviour

The lightcurve is further tested for quasi-periodic modulations by doing a Discrete
Fourier Transform (DFT) of the long-term lightcurve, shown in Figure 4.9a.
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(a) Discrete Fourier transform of the long-term lightcurve.
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(b) Discrete Fourier transform of the long-term lightcurve linear fit subtraction.

Figure 4.9: The discrete Fourier transformed long-term lightcurve of B2 1215+30
measured with Fermi-LAT as a function of the period in an arbitrary
unit, before and after subtracting the linear fit. The black dots are the
discrete points in Fourier space, connected by a smooth curve to guide
the eye. The dashed lines indicate the 1σ, 2σ and 3σ percentiles of the
simulated Gaussian noise.
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Gaussian noise with mean and width corresponding to the distribution of all inte-
grated flux measurements was simulated and Fourier transformed as well, in order
to enable the judgment whether an excess seen in the data at a given period is sig-
nificant or not. These significance thresholds have to be interpreted carefully, as the
white noise is certainly not the optimal model for blazar flux measurements in the
absence of quasi-periodicity or flaring activities. However, it allows for a preliminary
measure of the significance. Another possibility would be to draw toy lightcurves
from the measured lightcurve by scrambling the individual bins, in order to match
the null hypothesis of no quasi-periodicity.
Figure 4.9a hints periodic components with a period of about 1000 and 3000 days.
As those are the longest periods accessible to the DFT, this could also be the man-
ifestation of the seemingly liner long-term flux increase (Figure 4.3) in the Fourier
transform, instead of a truly periodic component.
To account four that the lightcurve was fit by a polynomial of degree one, before
applying the DFT to the lightcurve after subtracting this fit. This is shown in Figure
4.9b. The peak around 3000 days disappeared now as expected, but a significant
peak acound 1000 days remains. This observation goes in the same direction as the
conclusion of [118], where a approximately 1000 day quasi-periodicity was claimed
for the gamma-ray blazar PG 1553+113.
Going back from the frequency to the time domain, the natural follow-up is a fit
of the lightcurve with the shape expected from the DFT, which is a polynomial of
degree one plus a sine:

Φ(t) = At+B sin(2π
T
t− ϕ) + C. (4.9)

The longterm lightcurve including the fit is shown in Figure 4.10. The an initial
value for the period T was set to 1000 days. The fit parameters and their uncer-
tainties are given in Table 4.5. While the DFT gave us the power density in discrete
frequencies defined by the discrete measurements, the fit yields an estimate for the
period including an uncertainty, which is the most striking number in Table 4.5.
To further collect evidence for this quasi-periodic component with a relatively long
period, it is promising to redo the Fermi-LAT lightcurve of B2 1215+30 in time
bins which are more adapted to lay open features in the 1000 day period-domain,
for example in a 250 day time-binning.
This behaviour has been checked with Lomb-Scargle Periodogram, another inde-
pendent method (this check is done by M. de Naurois). This method, was checked
with and without the polynomial fit and in the case when the linear increase is
subtracted, it gives a period of 1081.94 days with 3.3σ consistent with the results
mentioned above.
Further checks on this behaviour, the interpretation and constraints derived from
these results are a prospect for future projects.
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Long-term lightcurve fit
A 1.5 ± 0.2 ·10−3

B 1.61 ± 0.25
C −79 ± 11
T 1083 ± 32
ϕ −28 ± 10

Table 4.5: The fit parameters of the long-term lightcurve fit shown in Figure 4.10.
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Figure 4.10: The long-term lightcurve including a fit of the form given in Equation
4.9. The fit parameters and their uncertainties are listed in Table 4.5.

4.7 Summary and Discussion

In this chapter, the gamma-ray variability of the BL Lac object was studied. For
the scope of this thesis, the Fermi-LAT publicly available data was used.
Two periods of five months from January to May in 2013 and 2014 were analyzed
using the Fermi-LAT data. This study was motivated by two major flares detected
by the VERITAS experiment during 2013 and 2014. In collaboration with the
VERITAS experiment, the gamma-ray variability of B2 1215+30 was studied over
five decades in energy. VERITAS data resulted in the detection of a flare during
2013 whereas searching for counterparts in the GeV range with the Fermi-LAT
data did not show evidence of any significant flux enhancement during this period.
VERITAS and Fermi-LAT observed a bright gamma-ray flare from the BL Lac
object B2 1215+30 on 2014 February 08, with TeV flux equivalent to 200 % of the
Crab Nebula flux (a standard measure in gamma-ray astronomy). At GeV energies
the flare started on 2014 February 05, whereas at TeV energies the flare was seen
by VERITAS on 2014 February 08 (although the observatory did not operate on
the previous nights). Quasi-simultaneous observations at other wavelengths of the
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flaring period did not detect any significant flare evidence. Observations from the
Swift X-ray telescope, taken one day after the flare were used in the estimation of
the relativistic jet Doppler factor.
The variability time scale of the source during the 2014 flare was derived from
the 1-day time bin Fermi-LAT lightcurve and was found to be tvar ' 9.0 h. Such
short variability timescales constrain the size of the emission regions using causality
arguments. Using the opacity argument and following the calculation of [139] we
derived the minimum Doppler factor δ ≥ 5. A more constraining limit on the
relativistic Doppler factor was set by using the VERITAS flare. With the VERITAS
data taken during the night of the flare an upper limit on the flux halving time of
tvar < 3.6 h was found. These results were considered to set limits on the Doppler
factor δ ≥ 10. The value reported here is in agreement with what is found in other
TeV blazars.
To better understand the GeV emission picture on a large time scale, the long
term variability of B2 1215+30 in the energy range 100 MeV < E < 500 GeV
was investigated with nine years of Fermi-LAT data. Several flux increment were
detected. Three major flares with the same flaring amplitude as the 2014 flare were
distinguished in the long-term lightcurve; in October 2008, February 2014 and April
2017. This analysis showed that the source has undergone several flaring activities
after the here-discussed 2014 flare. Data from the IACT experiments, which cover
the latest flares would help to better understand the gamma-ray emission and search
for counterparts at TeV energies. Such investigation concerning the latest period
of observations could not be studied here due to the data privacy policy of the
IACT experiments and this source is outside the field of view of H. E. S. S. These
flaring episodes offer the possibility to study and characterize and investigate the
gamma-ray emission.
When studying the long-term gamma-ray emission from B2 1215+30, a yearly flux
increase with time was found. A linear correlation between the yearly average fluxes
and the spectral indexes was identified and it is under investigation. Since 2009, the
flux from this source is increasing and the spectral index is getting harder showing
correlation between the two. The presence of the flaring activities in the GeV energy
range has been investigated to understand the origin of the variability, assuming
different processes. To account for different processes, the flux and the log-flux
distributions are fitted with normal distributions. The former is often associated
with additive processes and the latter with multiplicative processes. The two cases
are unlikely to describe the data. There is the possibility that these processes are
due to quasi-periodic behavior.
A quasi-periodic study was performed using the long-term lightcurve binned in seven
day time bins. The checks on the periodicity of the source, using a Discrete Fourier
Transform gives a hint for a period of 1083 ± 32 days. These results were checked
with a different method using a Lomb-Scargle Periodogram test, which gives a pe-
riod 1081.94 days. Quasi-periodic behaviour is found in literature, which is reported
in optical for some blazars and lately in the BL Lac object PG 1553+113 at GeV
energies. Possible explanations can be related to a quasi-periodic process within the
relativistic jet. This behaviour can also be related to geometrical effects, which might
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be due to a binary black hole system or precession of the supermassive black hole
[146, 147, 148, 149]. The quasi-periodic behaviour is seen in X-rays in some miqro-
suars [150]. Similarities between X-ray observations of microquasars and gamma-ray
observations in AGN should be investigated in the future. However, X-rays come
from the accretion disk in microquasars and gamma-rays from the jet in blazars.
There could be some coupling between them. This is an interesting direction for
future and much longer observations of AGN. This important hint of periodicity on
the BL Lac object B2 1215+30 and the physics responsible for it are going to be
further investigated.
The temporal variability of B2 1215+30 has been analyzed on time scales from
days to years in the GeV energy range with the Fermi-LAT. This study reveals
B2 1215+30 as an promising gamma-ray emitting source to study and characterize
the emission of this source class at high-energies and better understand the blazar
picture.
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Chapter 5

Crab Nebula with a decade of
H. E. S. S. I observations
The first source ever detected at very-high-energies is the Crab Nebula, a pulsar
wind nebula in the Galactic plane, ∼2 kpc from the Earth [14]. The Crab Nebula
was created in the supernova explosion of 1054 and contains a highly magnetized
rotating neutron star (Crab pulsar) which powers a wind of relativistic particles in
the nebula [55]. Although is one of the best studied objects in the sky, it is an
ever-surprising source.

Figure 5.1: The Crab Nebula system, and the zoomed pulsar.

Since its first detection at very-high-energies by the Whipple telescope in 1989 [14],
the Crab Nebula has been regularly monitored by the gamma-ray experiments. It
serves as a calibration source for many imaging atmospheric Cherenkov experiments
since it is very bright and no flux variations are predicted by simple SSC models, tra-
ditionally used to explain emission at the very-high-energies. And no flux variation
were actually reported by the IACTs so far. Contrary, the space-borne experiments,
such as AGILE and Fermi-LAT have reported on the detection of flux variations of
the synchrotron component at GeV energies [151, 152], with the latest major flare
at energies above 100 MeV reported by the Fermi-LAT in March 2013 [153]. During
this flaring episode, the flux increased by a factor of 20 on time scales of only a
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few hours, which come as a complete surprise as was not expected from theoretical
predictions. The H.E. S. S., VERITAS and MAGIC experiments have not reported
any evidence of simultaneous flux variation at very-high-energies so far [154, 155].
The unexpected flux variations detected at high-energies motivated the search for
a similar behavior in the very-high-energy regime with the H.E. S. S. experiment,
which has regularly monitored the Crab Nebula since the start of operation in 2003.
As the Crab Nebula is in the northern hemisphere, it can be seen by the H.E. S. S.
telescopes only at zenith angles larger than 45 degrees, resulting in larger systematic
uncertainties. This is in contrast to the optimal observation conditions for VERITAS
and MAGIC experiments, which are both in the northern hemisphere. In addition
a large fraction of data is taken from September to October, the rainy season in
Namibia. Another source of systematics is the presence of dust in the atmosphere
from bushfires during this period. The tight visibility window on the Crab Nebula
and the non-optimal atmospheric conditions increase the probability to miss such
flares, which are exceptional and important events that help to understand the very-
high-energy emission from this source. However, large zenith angle observations
increase the effective area which, at the highest energies increases the sensitivity to
the short flares in this regime.
The study presented in this chapter on the very-high-energy spectrum and variabil-
ity of the Crab Nebula is based on ten years of Crab Nebula observations with the
H.E. S. S. experiment. All the good quality data accumulated with the H.E. S. S. I
experiment is used. To increase the sensitivity to flux variations, we correct for
the atmospheric transparency, which was shown to have an effect on the flux mea-
surements. During H.E. S. S. I observations carried out between 2003 and 2005,
the energy threshold for the Crab Nebula was 440 GeV [113]. Since then the data
set is greatly expanded, a 5th telescope was added to the array in 2012, lowering
the energy threshold, and new reconstruction techniques have been developed. All
these combined together allow to make a comprehensive study on the Crab Neb-
ula by measuring the energy spectra in a wider energy range, study flux variations
throughout the years and search for extension at very-high-energies.
When the H.E. S. S. II telescope was added to the already existing array in 2012,
the Crab Nebula was one main target during the commissioning phase. The trigger
of H. E. S. S. II supports mono and stereo observations. The advantages of this
trigger are seen in the analysis and reconstruction results. Observations taken with
CT1 to CT5 enable the reconstruction of lower energy events, bridging gamma-
ray astronomy from ground and space. The observations with the H.E. S. S. II are
covered in the next chapter.
In this chapter, Section 5.1 introduces the Crab Nebula with a historical overview,
followed by a description of the H.E. S. S. data on the Crab Nebula in Section 5.2.
The analysis results are presented in Section 5.3. The measured spectrum and vari-
ability studies are given in Sections 5.4 and 5.5 respectively. The atmospheric trans-
parency effect on the flux measurements is described in Section 5.6. The summary
and a discussion are found at the end of the chapter in Section 5.7.
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5.1 Introduction

In 1054, Chinese astronomers recorded the presence of a new star above the southern
horn of the Taurus constellation [156, 157]. It was visible during day time for about
a month with a brightness of about six times the one of Venus and as outstanding
as a full Moon [158]. This “guest star”, as the Chinese astronomers called it, started
to fade after 6 months. After one year it disappeared and was not seen again with
the human eyes until the invention of telescopes. In 1731, John Bevis observed
the nebula of this explosion with an optical telescope. The comet hunter, Charles
Messier mistook this nebula for a comet and listed it as the first entry (M1) in his
“Catalogue of Nebulae and Star Clusters”, published in 1758 (see [159] for a review).
In 1844, the nebula was named the Crab Nebula by William Parsons, third Earl of
Rosse, after he discovered the filaments and drew a sketch which resembled a crab
as shown in Figure 5.2a.

(a) (b)

Figure 5.2: (a) Lord Rosse’s sketch of the Crab Nebula filaments in 1844. Image
courtesy [160]. (b) Image of the Crab Nebula activity produced in
1968. Image courtesy [161].

We now understand that this “guest star” was the brilliant flash of a supernova
explosion. Throughout the years, astronomers made more detailed observations
and measurements. They found an expanding nebula and a central rapidly-rotating
pulsar, the Crab pulsar. They combine to a system which is nowadays known as the
Crab Nebula (see Figure 5.3).
The Crab Nebula is a surprisingly unusual pulsar wind nebula. The synchrotron
component of the Crab Nebula extends up to the high-energies, which is found to
be variable in this energy range. The emission from the pulsar remained constant
during the flares, indicating that the flares are coming from the nebula. During
these episodes, the synchrotron component exceeded its average luminosity up to a
factor of 30. The unexpected gamma-ray flares have broadened the knowledge on
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this source but also challenged the theoretical models, where complex models have
to be considered to explain the observations.

(a) (b)

Figure 5.3: (a) The Crab pulsar as seen from Chandra X-ray Observatory. (b)
Composite image of the Crab Nebula from five telescopes: the Karl
G. Jansky Very Large Array, the Spitzer Space Telescope, the Hubble
Space Telescope, the XMM-Newton Observatory, and the Chandra X-
ray Observatory. Image courtesy: NASA, ESA, NRAO/AUI/NSF and
G. Dubner (University of Buenos Aires).

Another peculiarity of the Crab Nebula is the Crab pulsar and the detection of
pulsed emission up to TeV energies. So far, the Crab pulsar has been detected
by MAGIC [56] and VERITAS [162], but not by the H.E. S. S. experiment. The
observational conditions, zenith angle and the high background make it challenging
to reach the low energy threshold needed to detect the pulsar with the H.E. S. S. II.
However the Crab pulsar is not on the scope of this thesis subject.
Ever since the Whipple telescope detected the first very-high-energy gamma rays
from the Crab Nebula [14], the succeeding IACTs continued to monitor the Crab
Nebula and measured its energy spectrum over a wide energy range. MAGIC
measured the energy spectrum over three decades in energy, from 50 GeV to al-
most 30 TeV [155], VERITAS reported the spectrum measurement from 115 GeV
to 42 TeV [154] and the H.E. S. S. I published spectrum was from 440 GeV to
40 TeV [113]. Despite all these measurements, the puzzle of the very-high-energy
emission is incomplete. To better understand the picture, the Crab Nebula spec-
trum is investigated using all the available H. E. S. S. data.
The available H.E. S. S. I data on the Crab Nebula is described in the following.
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5.2 Data Set

The first H. E. S. S. I telescope on site was built in 2002, science data taking started
in 2003 with three telescopes, and the array become fully operational in 2004. The
Crab Nebula was a prime target during the commissioning phase in 2003 and has
been regularly observed ever since. The installation of the H.E. S. S. II telescope in
2012 allowed to access a new energy range for the study of the Crab Nebula. The
observations of the Crab Nebula with H.E. S. S. I are discussed here, whereas the
H.E. S. S. II observations are described in Chapter 6.
The Crab Nebula (R.A. = 05h34m31.1s, decl. = +22◦00′52′′, J2000) is visible to
the H.E. S. S. telescopes at zenith angles larger than 45 degrees, from September to
March. Observations are possible also during August and April but only at zenith
angles larger than 65 degrees. The data accumulated on the Crab Nebula during
H.E. S. S. Phase-I is spread over almost ten years and was taken during different
seasons, under different weather conditions and different instrument response (in
particular reflectivity). For instrument response studies, a fraction of the data was
taken with different observation strategies. For instance, some runs taken in wobble-
mode have offset angles up to three degrees from the camera center. To extract
meaningful results from this rich but varied dataset, a good understanding of the
data and cross-checks excluding runs which might affect the reconstructed gamma-
ray energy and direction are needed.

Data Set Dates Zenith Offset N runs
I 2003 – 2004 45-50 0.5 10
II 2004 – 2005 45-52 0.5 21
III 2005 – 2006 45-51 0.5 8
IV 2006 – 2007 45-55 0.5-0.8 6
V 2007 – 2008 45-48 0.5 12
VI 2008 – 2009 45-51 0.5 7
VII 2009 – 2010 45-48 0.5 22
VIII 2010 – 2011 45-50 0.7-0.8 24
IX 2011 – 2012 – – –
X 2012 – 2013 – – –
XI 2013 – 2014 45-52 0.5-0.8 39
XII 2014 – 2015 45-48 0.5 2
XIII 2015 – 2016 45-55 0.5 5

Table 5.1: Summary of Crab Nebula observations with the H.E. S. S. I telescopes.

The H.E. S. S. observations are split into runs of 28 nominal minutes duration. This
is done to balance the run live time with changing observation conditions during the
night i.e. pointing, night sky background or moving objects on the sky. However,
different problems encountered during data taking can shorten the run duration.
These problems can be external, e.g. thin clouds or shooting stars entering the
field of view of the telescopes, or technical, e.g. camera voltage or DAQ problem.
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This can interrupt the data taking, but the data stored before the problems can be
used. Other problems which do not interrupt data taking but have to be taken into
account before analysis are related to faulty drawers or dead pixels. The telescope
multiplicity, zenith angles, offset angles and other parameters differ from one run
to another. The response of the instrument depends strongly on these parameters.
It is highly important to select good quality data after calibration; this selection is
done to remove events caused by noise and reduce the systematics to improve the
physics results.
Additionally, combining observations spread over a period of ten years might intro-
duce other systematics. The aging of the optical system affect the Cherenkov light
collection. The optical efficiencies of the telescopes degrade with time, yielding a
lower light collection efficiency. All these parameters and their effects are checked
to have more reliable scientific results and reduce systematic effects they can intro-
duce. Table 5.1 summarizes the details from observations of the Crab Nebula with
the H.E. S. S. I telescopes. The selection criteria applied to the H.E. S. S. I data is
explained in the following.

5.2.1 Data Quality Selection

Before the data analysis and extraction of scientific results, a careful data selection
is needed. During the calibration process (see Section 3.4), run quality parameters
are stored for each observation run. The run selection was built on these parameters.
This selection is done based on pre-defined standard criteria, which depend on the
reconstruction technique. As described in Chapter 3, different event reconstructions
are possible based on the triggered type. The trigger system of the H.E. S. S. I
telescopes is discussed in detail in [163].

Parameter Cut value
Participating telescopes ≥ 3
Broken Pixel ≤ 20 %
Trigger Rate ≥ 100 Hz
Stability Trigger Rate ≤ 4 %
Run duration ≥ 5 minutes
Relative Humidity ≤ 90 %
Radiometer Temperature ≤ -20 degree
Radiometer Stability ≤ 3 degree

Table 5.2: Selection criteria applied to the H.E. S. S. I data.

For the spectrum and variability studies in this work, a custom selection was adapted.
The selection of data based on the parameters given in Table 5.2 is the first step
before the analysis procedure. On top of the standard data selection criteria, ad-
ditional cuts were applied. A limit on the off-axis angles was set at 0.8 degrees.
This is done to avoid problems in the spectrum and lightcurve calculation, caused
by the non-stable effective area at large off-set angles. Also, runs with zenith an-
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gles larger than 55 degrees were excluded. When including runs with larger zenith
angles the effective area becomes unstable which is then reflected in the spectrum,
introducing systematic effects at the energy threshold. Additionally, other checks
were performed for each observation run individually. For each run, the Center
of Gravity map (COG) of the participating telescopes was checked. The expected
distribution over the camera is more or less homogenous. During some observation
runs, faulty or non-operational drawers cause holes in the COG, biasing the final
map. Therefore, this check was performed for every telescope individually. After
the checks, only runs with homogeneous COG maps were kept. Figure 5.4 shows
example COG maps for the CT1-4 telescopes with the faulty map for CT2, which
led to the exclusion of the run.

Figure 5.4: An example of a run that passed all the run selection criteria but the
COG map check. The COG maps for CT1, CT2, CT3 and CT4 (left
to the right) for the run number 42556 are shown. The second COG
map, which correspond to CT2, is problematic and this run is excluded
from the final run list.
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Figure 5.5: Left: Zenith angle distributions for the run list used in the analysis
after applying the custom selection criteria as described in the text.
Right: Observations of the Crab Nebula taken with the H.E. S. S. I
telescopes, with runs distributed from 2003 to 2015. The runs pre-
sented here are obtained after applying only the standard run quality,
which results in more runs than in the left plot. The majority of the
runs are taken during October.
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This resulted in 113 H.E. S. S. I observation runs, corresponding to an exposure of
46.6 h, taken between 2003 to 2013. Finally, six runs from 2006 passing all the
previously applied run quality selection were excluded due to an incorrect pointing
model. This mispointing leads to an incorrect reconstruction, and hence to incor-
rect results. In case of a solvable problem, correcting the pointing model for these
observations could potentially make the data available again, but this can only be
achieved through significant software development. The run distributions based on
the month of observations for the full data set, without any selection criteria ap-
plied are shown in Figure 5.5 along with the zenith angle of the remaining good
runs. The later runs (unless specified differently) are used to perform the study and
results described next.

5.3 Analysis Results

The selected data was analysed with the Model Analysis, using the Std and Loose
cuts to find the configuration which provides the best analysis results. An ON region
of 0.25 degrees was defined around the source to avoid a possible spill-over into the
OFF regions used for the background estimation. The background was estimated
with the Reflected Region method (described in Section 3.6). The number of excess
events and the significance are calculated from Equation 3.8 and 3.9. The distri-
bution of ON, OFF and excess events are traditionally visualized on θ2 histograms
that represent the squared radial distribution of events. The θ2 distributions for the
here-discussed configurations are presented in Figure 5.7. The number of events nON
and nOFF from the chosen ON and OFF regions, together with the other analysis
details are summarized in Table 5.3.

Cut config nON nOFF nexcess SLiMa S/B Rate [γ’s/min]
Std 19929 9504 19269.6 270.7 29.2 6.9±0.05
Loose 29057 29821 26977.6 284.8 13.0 9.7±0.06

Table 5.3: Summary of H. E. S. S. I analysis results obtained from the Std and
Loose cut configurations. The number of events in the ON and OFF re-
gions nON , nOFF, the number of excess events nexcess, significance SLiMa,
signal to background ratio (S/B) and the rate of gammas for each cut
configuration are given.

As expected, the number of events is larger for the Loose cut configuration than for
the Std cuts due in particular to a lower threshold, but this comes at the price of a
lower signal to background ratio.
The Crab Nebula significance map and the significance distribution of this map are
shown in Figure 5.7. As seen from Figure 5.7b, the mean and sigma for the regions of
the map far from the Crab Nebula are almost 0 and 1 respectively, indicating a good
background subtraction. The same check was performed for the Loose configuration
and shows similar behavior.
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Figure 5.6: The θ2 (squared angular distance) distributions for gamma-like events
(filled histogram) compared with normalized θ2 distributions of off re-
gions (black) for the (a) Std and (b) Loose cuts. The dashed blue
points correspond to the background distribution, which for the Crab
Nebula is very low compared to the signal from the source.

These results are used to derive the energy spectrum of the Crab Nebula which is
described next.

5.4 Differential Energy Spectrum

When reconstructing gamma-ray events, the direction and energy are the most im-
portant parameters to be measured. The energy information is used to reconstruct
the spectrum of the source which gives important insights about the acceleration
mechanisms of the gamma-ray source. The measured Crab Nebula spectrum, first
measured by the Whipple telescope at energies above 700 GeV, has now been ex-
tended up to 50 TeV [164, 155]. In general, the spectrum of the Crab Nebula,
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(a) Significance map. (b) Significance distribution.

Figure 5.7: (a) The significance map of the Crab Nebula using all the H.E. S. S. I
data set with Std cuts. The position of the Crab Nebula is showed in
the center. (b) The corresponding significance distribution of the whole
map is shown in black. The distribution after excluding a circular
region of 0.25 degrees around the source with a Gaussian fit is shown
in red and the fit values are shown in the plot.

as measured by the IACT experiments, is compatible with a log-parabola spectral
shape. The differential energy spectrum measured by the H.E. S. S. experiment
in 2006 was best described by a exponential cut-off spectrum shape [113]. This
measurement was performed with data from 2003 (commissioning phase with three
telescopes), 2004 and 2005. Since then, the statistics have increased and more so-
phisticated reconstruction techniques were developed for the H.E. S. S. data. We
used the extended data set to lower the energy threshold, access a new energy range
and perform a precise spectrum measurement of the Crab Nebula.
The spectrum was measured using the “forward-folding” technique described in Sec-
tion 3.6. To exploit a new energy range, the Std and Loose cuts were used. The
energy threshold for the events passing the cuts was set to energy where the effective
area is 20 % of its maximum for the corresponding observation parameters. Moti-
vated by the previous measurements, the spectrum was fitted with three different
spectral shapes: a power-law, a curved power-law1 and a power-law with exponential
cut-off. Table 5.4 gives the details of the best fit values obtained in this work and
also a summary from the other IACT measurements.

1or log-parabola
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Fit Cuts Emin Emax N0 Γ β E0 Ec χ2/ndf
TeV TeV ×10−11cm−2 s−1 TeV−1 TeV TeV

PL Std 0.48 62.37 2.05± 0.12 2.66± 0.01 - 1.4 - 296.6/74
CPL Std 0.48 62.37 3.26± 0.21 2.45± 0.01 0.18± 0.01 1.2 - 91.5/73
Exp-CutOff Std 0.48 62.37 3.56± 0.35 2.38± 0.02 - 1.2 9.9± 0.57 119.5/73
PL Loose 0.39 62.37 2.56± 0.13 2.61± 0.01 - 1.0 - 345.2/88
CPL Loose 0.39 62.37 4.97± 0.28 2.40± 0.01 0.15± 0.01 - 122.2/87
Exp-CutOff Loose 0.39 62.37 4.05± 0.34 2.38± 0.01 - 1.1 11.5± 0.65 148.5/87
Whipple 3.20± 0.17 2.49± 0.06
CAT 2.20± 0.05 2.80± 0.03
HEGRA 2.83± 0.04 2.62± 0.02
MAGIC 0.05 30.0 3.80± 0.11 2.21± 0.02 0.24± 0.01 1.0 - 20.0/11
VERITAS 0.12 42.0 3.75± 0.03 2.47± 0.01 0.16± 0.01 1.0 - 12.9/13
H.E. S. S. I 0.44 30.5 3.76± 0.07 2.39± 0.03 - 1.0 14.3± 2.1 15.9/9

Table 5.4: Summary of the Crab Nebula spectrum fit parameters for Std and Loose cut configurations. The spectrum
is fitted with a power-law, log-parabola and an exponential with power-law cut off. The energy range
of the spectrum fit with Emin and Emax, the normalisation N0, the reference energy E0, the spectral
index Γ, the curvature β and other parameters of the fit are summarized. Spectrum parameters from
the Whipple [165], CAT [166], HEGRA [167], MAGIC [155], VERITAS [164] and H.E. S. S. I [113]
experiments are shown for comparison.
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Chapter 5 Crab Nebula with a decade of H. E. S. S. I observations

After fitting the spectrum with different spectrum shapes, a statistical method is
needed to conclude which is more adapted to describe the data. A likelihood-ratio
test to compare two models requires them to be nested, i.e. the more complex model
can be transformed into the simpler model by imposing a set of constraints on the
parameters. The power-law and log-parabola are nested, and so are the power-law
and exponential cut-off models, but the log-parabola and exponential-cutoff model
are not. The log-parabola and the exponential-cutoff fits are compared with the
reduced χ2 of the fit. Given the fit results for these models (see Table 3.14b), the
data is described best by a log-parabola spectrum:

dN
dE = (3.26±0.02)×10−11

(
E

1.2 TeV

)−(2.45±0.01)−(0.18±0.01) ln( E
1.2 TeV ) 1

TeV cm2 s . (5.1)

The quoted errors on the spectrum parameters are statistical uncertainties only.
The spectrum corresponds to the Std cut configuration and Figure 5.8 shows the
reconstructed energy spectrum of the Crab Nebula.
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Figure 5.8: Differential energy spectrum of the Crab Nebula as measured by
H.E. S. S. I from 480 GeV to 62.4 TeV. The spectrum is best described
by a log-parabola spectral shape. The 1σ confidence interval of the
fitted spectrum shape is plotted in solid red line. The residual plot in
the form (Nobs − Nexp)/Nexp is shown in the bottom part.
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5.5 Long-Term Variability Studies

The differential energy spectrum of the Crab Nebula is measured by H.E. S. S. I
in the energy range from 480 GeV to 62.4 TeV. The spectral points are shown in
black and they are calculated from the difference of measured events in an energy
interval Nobs compared to the expected events from the best-fit model, Nexp. The
uncertainties are statistical only and a 1σ confidential band is plotted along with
the points. The difference (Nobs − Nexp)/Nexp is shown in the residual plot below the
spectrum. It is possible to lower the energy threshold but the systematics need to
be understood and controlled. The energy threshold for this analysis is set at 20%
of the maximum effective area. As the effective area depends particularly on the
zenith angle and given the zenith angle range of the Crab Nebula with H.E. S. S., it
is challenging to lower the energy threshold.
For the measurement of the Crab Nebula spectrum two independent analysis frame-
works ParisAnalysis (PA, this work) and HAP (by J. Hahn) are involved, which is a
standard procedure for cross-checking the results before publication. Since they rely
on independent calibration schemes, the intersection run list is used (99 runs). This
results in a more stable background control close to the energy threshold hence it
allows to use the 15 % of the maximum effective area as threshold for the spectrum
measurement. The spectrum is shown in Appendix B (Figure B.1) in E2.5 dN/dE
representation for a better comparison. The bottom panel of Figure B.1 shows the
relative difference between the “all-world” Crab Nebula spectrum, the average spec-
trum defined from measurements by the published results from MAGIC and VERI-
TAS and with the here-discussed H.E. S. S. I measurements from PA and HAP. The
relative difference for each spectrum is defined as the difference (Fi − F )/F , where
F stands for the average “all-world” spectrum. In this thesis scope, the goal is a
precise spectrum measurement and have a large data set which allows an extension
at the very-high-energies is highly important. The later is of a particular importance
in the variability studies which are presented next. For this reason the spectrum
measurement here-discussed uses the run list from the ParisAnalysis, not the inter-
section run-list between the two different analysis frameworks. A discussion on the
spectrum is given in Section 6.5 which includes measurements with H.E. S. S. I and
H.E. S. S. II for a better over-view picture.
A detailed study of the TeV flux evolution with time is described next.

5.5 Long-Term Variability Studies

Although the Crab Nebula is considered as a standard candle in gamma-ray astron-
omy, several flares at energies above 100 MeV were reported from the space-borne
satellites. The flares detected by the space borne satellites showed that the flux
variations were coming from the end part of the synchrotron emission, followed by
a hardening of the spectrum. Generally two arguments can be invoked to explain
the high-energy flares. These flares can be related either with an enhancement of
the parent electron population or changes in the magnetic field. If the flares are due
to the variation in the electron injection, then the flare detected at the synchrotron
energy one expects a flare on the inverse Compton. Hence, flaring activities at
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Chapter 5 Crab Nebula with a decade of H. E. S. S. I observations

TeV energies from the Crab Nebula are not excluded. This study profits from all
H. E. S. S. observations on the Crab Nebula to investigate and search for variability
in the TeV energy range. As satellites with good sensitivity i.e. AGILE and Fermi-
LAT were launched few years after the H.E. S. S. experiment started to operate, this
would give information about the early years of operation of H. E. S. S.
The lightcurve is derived with the method described in Chapter 3. The integral flux
above 1 TeV is calculated on a run-by-run basis, from October 23, 2003 up to March
14, 2013, corresponding to a Modified Julian date (MJD) 52935 - 56365. Figure 5.9
shows the evolution of the integral flux with time from MJD 52935 to 56365. The
plotted error bars are statistical only.
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Figure 5.9: Long term lightcurve of the Crab Nebula on a run by run basis, from
MJD 52935-56365. The integral flux is calculated at energies above 1
TeV are plotted along with one sigma statistical errors. The red line
corresponds to the error weighted average flux.

A χ2 test, to check if the flux is compatible with a constant C was performed. The
χ2/NdF = 583.2/142 corresponds to a p-value of 0.0001, which is a low probability
to obtain these measurements if the assumption of constant flux is correct. Since
only statistical errors were considered, the systematic error has to be considered
before making any statement about flux variations. The systematic error on the
flux for H.E. S. S. measurements has been estimated to be 20 % [113].
The low fluxes of some particular runs (as seen between MJD 54500 to 55500 in Fig-
ure 5.9) were investigated. Statistical uncertainties can be introduced by instrument
effects, reconstruction or external effects such as atmospheric variations. Given the
spread of observations over ten years, another suspect is in the change of the optical
efficiencies caused due to the degradation of mirror reflectivity. The distribution of
integral fluxes with zenith angles, off-axis and optical efficiencies were checked and
are scattered around the mean (see Figure 5.10). There is no evidence of apparent
dependency which would introduce a bias. After all the detailed checks carried out,
the presence of low fluxes was not found to be caused by known instrument or re-
construction problems. Additionally, the flux distribution with the number of excess
events over the exposure time was checked and shows the expected linear increase
trend as shown in Figure 5.11.
Further studies were performed to understand the origin of low flux values. To un-
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Figure 5.10: Top: Run-by-run integral flux versus optical efficiencies. Middle:
Run-by-run integral flux above versus off-axis angles. Bottom: Dis-
tribution of the integral fluxes above 1 TeV with observation zenith
angles. Their values are distributed around the mean, not showing
any evidence of bias introduced.
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Figure 5.11: The integral flux versus excess normalized by the exposure time.

derstand and reduce the systematic effects, a possible flux attenuation due to varying
atmospheric transparency has been studied. Details are given in the following.
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Chapter 5 Crab Nebula with a decade of H. E. S. S. I observations

5.6 Atmospheric Transparency Effect

The Cherenkov Transparency Coefficient (TC) was developed to measure the at-
mospheric transparency and identify H.E. S. S. runs taken with non-optimal at-
mospheric conditions. The data analysis techniques developed for the imaging
Cherenkov telescopes rely strongly on Monte Carlo simulations, which assume a par-
ticular atmospheric model. A deviation of the atmosphere from this model would
introduce a systematic effect on the measured flux.
Normally, the atmospheric monitoring and aerosols is done by a LIDAR installed on
H.E. S. S. site. Unfortunately, for the data set used here the LIDAR was not working.
Monitoring only the trigger rate from a given source does not allow to distinguish if
changes are caused by a non-optimal atmospheric quality or are instrument related.
A study performed on H.E. S. S. data developed a quantity to measure the effects
introduced to distinguish trigger rate changes by large-scale atmospheric absorption,
namely the transparency coefficient [168]. The coefficient was first introduced and
developed by R. De Los Reyes et al. in the HAP analysis framework, and was later
implemented in the ParisAnalysis framework by C. Mariaud. The transparency
coefficient from ParisAnalysis is used for the study presented here.
The transparency coefficient depends on the trigger rate R, the main PMT high
gain over the camera g, and on the optical efficiency µ. It is calculated for each
telescope from the following formula:

tci = R−1.7
i

µi gi
, (5.2)

and averaged over telescopes by taking into account the uncertainties:

TC =

n∑
i=1

tc2
i

dtc2
i

n∑
i=1

1
dtc2

i

, (5.3)

where n is the number of the telescopes participating in a given run.
The presence of thin layers of clouds, dust or fume affects the transparency of the
atmosphere, attenuating the Cherenkov photon density on ground level, resulting in
an underestimated particle energy. Hence the quality of the atmosphere affects the
outcome of the results, in particular when studying the flux variations with time.
The TC values from all the Crab Nebula data set taken over more than ten years
are shown in Figure 5.12. It can be seen that some runs have low TC values, some
as low as 0.4. There are two strategical methods used for the study presented here.
The first is to identify and reject runs taken under bad conditions and the second
is to try to correct for this effect.
To study this effect on the Crab Nebula flux, all the available data was taken. For
an initial study, the run selection was based on only two criteria, before performing
the study with a good run-list to minimize other systematic effects. The two criteria
were: broken pixels less than 15 % and a multiplicity of at least two telescopes. The
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Figure 5.12: The transparency coefficient averaged over telescopes for each obser-
vation run. The data plotted here is taken on the Crab Nebula over
ten years.

whole data was divided in categories based on the TC value: 80-90 %, 90-95 %,
95-100 % and 100-105 %. A separate analysis was performed on each of the sub-
data sets with the Std configuration and the integral flux was calculated. Figure
5.13 shows the integral fluxes versus time for both the initial run selection and the
good run list in the different TC categories. The atmosphere has a non-negligible
impact on the flux attenuation for TC ' 85 %. To clarify, the TC value of 105 % is
an artifact of the calculation method, which is based on an empirical formula. This
value refers to perfect atmospheric conditions.
Based on those results, the runs for which the atmosphere had TC < 90 % are
considered as not good and to investigate the residual systematic uncertainties an
additional cut is introduced. Only runs that fulfill the H.E. S. S. I quality selection
criteria and have TC > 90 % are considered. The results are shown in Figure 5.14.
By taking into account the atmospheric coefficient to reject bad runs when study-
ing the flux evolution with time, we reduce the systematic effects and the excess
variance. With a χ2 test (see Table 5.5), these results can be compared with the
previous results, where the transparency of the atmosphere is not considered in the
run selection. The value of the reduced χ2 shows the improvement, where flux mea-
surements are spread more uniformly spread around the mean. The improvement
can also be seen in the pull distributions before and after the TC cut in Figure 5.15.
In the following, possible methods to correct for this effect are discussed.

5.6.1 Correcting the Flux for Atmospheric Transparency

Introducing the transparency coefficient as a quality cut when studying the flux time
evolution improves the results and reduces the excess variance on cost of statistics.
Based on the Figure 5.13 the TC was introduced as a data quality cut by accepting
only runs with TC > 0.9. The goal is to recover the data taken under non optimal
weather conditions that we had to exclude before due to the introduced effects in
the flux measurements. When performing variability studies, in particular at short
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(a) Lightcurve with run selection based on broken pixels and telescope multiplicity.
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Figure 5.13: Lightcurves of the Crab Nebula including the mean, with different
TC categories in different colors. The categories are named after the
averages of their TC ranges. The effect of the transparency on the
data can be seen, and it has a bigger impact for low TC values.

time-scales, each run may contain important information. To keep the data, the
possibility to correct for this effect was studied.
The attenuation of the Cherenkov light by the atmospheric quality can lead to an un-
derestimated energy reconstruction. If Ereco and Etrue are the particle reconstructed
energy and the true energy, with Etrue ∝ Ereco/TC, the differential flux is found to
be:

dN
dErec

∝ E−Γ
recoTCΓ−1. (5.4)

which leads to a change of the normalization with the transparency coefficient and
is described by a power law function (as shown in [168]).
A first order, the correction of the flux is done assuming a linear correlation between
the flux and the TC. In this case, the flux of each observation run is divided by its
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Figure 5.14: The Crab Nebula long term lightcurve on a run by run basis after
removing runs with TC < 0.9. The flux errors are statistical only.
The cyan dashed line correspond to the mean error weighted flux.
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Figure 5.15: The pull distributions of the flux measurements before and after the
TC cut, both normalized to unity. The pull is the flux Φi minus the
mean flux divided by the flux error σΦ,i. For a statistical error only,
the pull distribution has width one. For the runs before the TC cut it
is 2.2 and after the TC cut it is 1.6, indicating that effects introduced
by the varying atmospheric quality make up a large fraction of the
systematic uncertainty. The flux errors are statistically only.
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corresponding TC value. The resulting lightcurve can be seen in Figure 5.16. The
errors on the flux are propagated as follows:

∆Fcorr. =

√√√√(∆F
F

)2

+
(

∆TC
TC

)2

× F

TC (5.5)

Linearly accounting for the atmospheric transparency causes a shift on the flux
normalization [168]. This hinted a possible nonlinear dependence of the integral
flux on the transparency coefficient F ∝ TC α, in which case the flux correction and
error propagation should be done as follows:

Fcorr. = F

TC α , ∆Fcorr. =

√√√√(∆F
F

)2

+ α2

(
∆TC
TC

)2

× F

TC α (5.6)
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Figure 5.16: The H.E. S. S. I long term lightcurve of the Crab Nebula on a run by
run basis. The orange points correspond to the lightcurve without
any correction or any cut on the transparency coefficient. The blue
correspond to the same data set, corrected for the transparency co-
efficient. The dashed lines represent the mean error weighted flux for
each data set.

The projected lightcurves for the uncorrected, linearly corrected and α = 1.7 power-
law corrected flux are shown in Figure 5.17. The projections are fitted with Gaus-
sians in an unbinned likelihood-fit. It is evident that correcting for the atmospheric
transparency reduces the systematic uncertainty, as can be seen by the reduced stan-
dard deviations of the corrected flux fits. However, one can not conclude whether
the linear or power-law dependence of the flux on the TC is the better model to
correct the flux for the data set used here.
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Figure 5.17: The projected lightcurve for the uncorrected flux and the TC cor-
rected flux with power-law index of α = 1 and α = 1.7, including
unbinned Gaussian fits. The uncertainty bands visualize the fit error
on the width.

5.6.2 Systematic Flux Uncertainty

To check if the flux is compatible with a constant, a χ2 test is commonly used. We
include a systematic error in the definition of the χ2, which is proportional to the
constant flux of the source C using a proportionality constant α. This is given as
follows:

χ2 =
∑

i=data

[xi − C]2

σ2
i + α2C

. (5.7)

If the Crab Nebula flux is really constant, this would result in 〈χ2〉 ∼ NDF . Requir-
ing that this condition is satisfied, the systematic error is estimated to be α = 16.1 %.
Such a value is acceptable for H. E. S. S. I flux measurements and it slightly improves
over the systematic error of 20 % published in previous the Crab Nebula results [113],
and is approximately what would be expected given the uncertainties in the Monte
Carlo simulation. After being more strict in the data selection, it is possible to
reduce the systematic effects on the flux measurements. This estimation is based on
the assumption that the flux from the Crab Nebula is constant, but the possibility
of having significant flux variations is not excluded.
Table 5.5 summarizes the results for different data sets. The data set I correspond
to the lightcurve presented in Figure 5.9, where the transparency coefficient was not
taken into account. Data set II is for the lightcurve with transparency coefficient
cut of 0.9 (see Figure 5.14). The data sets III and IV correspond to the corrected
flux assuming a linear and a power-law dependence.

111



Chapter 5 Crab Nebula with a decade of H. E. S. S. I observations

Data Set Φ > 1 TeV χ2/ndf nr runs α
×10−12 cm −2 s−1

I 28.73± 0.21 583.2/142 143 16.1 %
II 29.30± 0.21 471.0/133 134 14.0 %
III 29.27± 0.21 431.6/142 143 12.6%
IV 29.29± 0.21 427.4/142 143 12.5 %

Table 5.5: Crab Nebula lightcurve fit parameters for data set I, II, III and IV (as
defined in the text). The integral flux Φ, the fit parameters to a constant
C, the number of runs and the systematic uncertainty α are given.

As shown in Table 5.5, the systematic uncertainty is lower when the flux is corrected
by the TC. The two cases when the flux was corrected by a linear and a power-law
dependence were further investigated and was found to be related with the TC
distribution of this particular data set, which peaks at the unity.

5.6.3 Season Dependence on Flux Measurements

To account for any seasonal variation due for instance to variations of atmospheric
profile another check was performed on the Crab Nebula flux. The data were di-
vided into two categories corresponding to the observation season. Data taken from
September to December and data from January to April are grouped together. The
former is called the first season and the later second season. This division is done to
account for seasonal changes during September to November as during this period
is the rainy season in Namibia. As it was shown in Figure 5.5, the majority of the
data are taken during these months. Hence, the spectrum would possibly manifest
changes if there is a systematic effect due to this. The differential energy spectrum
for the two seasons is shown in Figure 5.18. Taking into account 20 % systematic
uncertainty (the published value from H.E. S. S.), no significant change is seen be-
tween the spectra derived for the two seasons. The fit results are summarized in
Table 5.6.

Season N0 Φ > 1 TeV Γ β
cm−2s−1TeV−1 cm−2s−1

I (4.8± 0.05)× 10−11 (3.01± 0.04)× 10−11 2.42± 0.02 0.18± 0.01
II (4.6± 0.04)× 10−11 (3.02± 0.03)× 10−11 2.27± 0.02 0.25± 0.01

Table 5.6: Summary on the Crab Nebula spectrum parameters for the first and
the second season. The flux normalisation N0 and the integral flux Φ
values correspond to the reference energy of 1 TeV.
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Figure 5.18: Superimposed Crab Nebula spectrum from two different seasons as
described in the text. The first season is represented by the black
points and the second season by the blue ones. The 1σ confidence
interval of the fitted spectrum shape are plotted by solid lines. The
spectra are fitted with a curved power-law spectral shape and are
compatible within the estimated H.E. S. S. systematic uncertainties.
The residual plot in the form (Nobs − Nexp)/Nexp are shown in the
bottom part.

5.7 Discussion and Conclusions

In this chapter, the high-energy emission from the Crab Nebula was investigated
with almost a decade of H. E. S. S. I observations using the newest reconstruction
techniques. The differential energy spectrum and flux variability were studied on a
long-term. Observing the Crab Nebula from the southern hemisphere is challenging,
but not without prospects. On the one hand, the zenith angles larger than 45
degrees enhance systematic effects, in particular atmospheric effects. On the other
hand the effective area is increasing with the zenith angle, allowing the H.E. S. S. I
measurement to extend to very-high energies.
The spectrum of the Crab Nebula was reconstructed using the Model Analysis.
Three models were fitted to the data: a power-law, a log-parabola and a power-
law with exponential cut-off. The Crab Nebula spectrum presented here, measured
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from 480 GeV to 62.4 TeV, is best described by a log-parabola spectral shape. This
spectral shape has already been measured by the VERITAS and MAGIC experi-
ments, whereas the energy spectrum published by the H.E. S. S. collaboration about
a decade ago was most compatible with a power-law with exponential cut-off in the
energy range from 440 GeV to 30.5 TeV. The Crab Nebula spectrum as measured
by H.E. S. S. I and H.E. S. S. II are discussed and compared to measurements from
other experiments in the next chapter.
Motivated by the surprising Crab Nebula flares reported by the spaceborne satellites
which arise from the high-energy part of the synchrotron component, the flux vari-
ability at very-high-energies was studied with H.E. S. S. The Fermi-LAT instrument
is suitable to study the high-energy synchrotron emission, whereas H.E. S. S. can ac-
cess the high-energy part of the inverse Compton component. The origin of the flares
is still not understood, but different scenarios could explain these events. If the flux
variations are related to the parent population of electrons, the flux enhancements
would be accompanied by flux variations in the inverse Compton component. Al-
ternatively, if the rapid flares are due to changes on the magnetic fields, the inverse
Compton flux is not expected to vary. Since the Fermi-LAT started operating at
the end of 2008, there is no information on GeV flux variations before this time,
but if the synchrotron flare has a counterpart in the TeV, investigating all H. E. S. S.
data also helps to better understand the high-energy emission.
The long term variability of the Crab Nebula at energies above 1 TeV was studied
from MJD 53331-56358, putting emphasis on systematic effects from varying atmo-
spheric conditions. Introducing the atmospheric transparency coefficient in the data
selection improved the results by reducing the systematic uncertainties. Given that
the observation time with IACTs is already limited to the night and their field of
view is small, some attempts to correct for this effect were considered so runs with
bad atmospheric transparency could be kept. With a flux correction factor linear in
the transparency coefficient, the systematic uncertainties on flux measurements were
reduced to 12 %. This is significantly improved compared to the 20 % previously
quoted by the H.E. S. S. collaboration. As it is actually the energy measurement
which should scale with the transparency coefficient, another way to correct for this
effect would be to correct the energy by the transparency coefficient for each event
before analysis level.
This study concluded that the integral flux above 1 TeV is stable within the system-
atic and statistical uncertainty of H. E. S. S. on a run-by-run basis. No significant
flux variations were found with stand-alone H.E. S. S. I data. The flux variability
studied by H.E. S. S. I indicated stable flux from the inverse Compton component,
whereas the high-energy synchrotron component is not stable. Over nine years,
the Fermi-LAT reported on the detection of major flares in 2009, 2010, 2011, 2013
and 2016. Observations from the ground based detectors did not report evidence
of simultaneous flux variation at the highest energies so far. Future observations of
the Crab Nebula at high-energies and very-high-energies will reveal more about the
evolution of the flux with time.
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Chapter 6

Crab Nebula with H.E. S. S.
Phase-II Observations

With the installation of the H.E. S. S. II telescope in 2012 on site in Namibia, the
H.E. S. S. experiment entered a new phase. The current trigger schemes allow to
go down to few tens of GeV for some sources and explore a wider energy range
on the very-high-energy sky. We profit from this scheme to perform spectrum and
variability studies of the best studied object on the sky; the Crab Nebula.

Figure 6.1: The H.E. S. S. II telescopes. Image courtesy M. Lorentz.

This chapter presents a temporal and spectral analysis of the Fermi-LAT and the
H.E. S. S. II data and the search for correlated variability in the energy bands covered
by the two experiments. A short introduction and an explanation of the employed
data set are given in Section 6.1 and Section 6.2. The results of the Mono, Hy-
brid and Combined analyses are presented in Section 6.3. These results are used
to perform the spectrum measurements given in Section 6.4. The spectral energy
distribution from the H.E. S. S. I and H.E. S. S. II measurements of this work are
shown in Section 6.5. The Fermi-LAT and H.E. S. S. II results of the October 2016
flare are described in Section 6.7 and the chapter summary is given in Section 6.8.
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6.1 Introduction

The H.E. S. S. I telescope array with its large effective area is adapted for very-high-
energy studies. Combined with H.E. S. S. II, the full array allows to measure the
Crab Nebula spectrum over a wide energy range. This is also important to perform
variability studies to trace the physical phenomena underlying the GeV flares.
Different analysis configurations are used to exploit the lower energy range and
measure the spectrum of the Crab Nebula over a wide energy range, namely both
monoscopic and stereoscopic reconstructions. The Crab Nebula spectrum measure-
ment is more challenging in the low energy range. The monoscopic reconstruction
of CT5 events is in general challenging due to the degraded hadron rejection. Re-
constructing events with CT1 to CT5 provides a better background separation with
an increased signal over background ratio at the analysis level at the expense of a
higher threshold.
H. E. S. S. did not observe the brightest flare detected by Fermi-LAT in 2011. The
other flare occurred in March 2013 and coincided with the H.E. S. S. II commission-
ing phase. Hence, the H.E. S. S. II runs from this flaring period can not be used to
derive scientific results as the experimental setup was changed almost every night.
In March 2013, the Crab Nebula underwent the second brightest flare detected at
GeV energies by the Fermi-LAT. The flare lasted for about two weeks and the flux
increased by a factor of six relative to the average within in less than six hours. As
during the other gamma-ray flares, only the synchrotron component of the nebula
varied. Multiwavelength campaigns undertaken by different experiments in radio,
optical and X-rays had an excellent coverage of the 2013 flaring period. A good
coverage was also accomplished at the very-high-energies by the major IACT ex-
periments pointing at the Crab Nebula. Despite the coverage of the Crab Nebula
during the 2013 Fermi-LAT flare, there was no enhancement reported in this energy
range by any experiment. The absence of other correlated flux enhancements at
other wavelengths kept the origin of the Crab Nebula flares a mystery.
Other flares have been reported lately by the spaceborne experiments i.e. Fermi-
LAT and AGILE [169, 170, 171]. The latest flare reported in October 2016 by
the Fermi-LAT satellite has increased the chances to understand the origin of the
gamma-ray flares by investigating it [171]. During this flaring episode, the small
H. E. S. S. telescopes were in re-commissioning phase after the camera upgrade. The
Crab Nebula was observed as a Target of Opportunity (ToO) with CT5 and CT1
for several nights. These observations, along with the Fermi-LAT public data, were
used to perform the flux variability and correlation studies reported here.

6.2 Data Set

The 28 m diameter mirror telescope, installed on site in 2012 was commissioned
and inaugurated during 2013. The Crab Nebula was the prime target during the
commissioning phase. The observations taken during this period are not included
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in the reconstruction. The observation conditions are similar to the ones described
in Section 5.2 for H. E. S. S. I
After calibration, the data selection criteria depend on the observation strategy and
on the scientific goal. Given the different physical trigger modes with the H.E. S. S. II
telescope array, introduced in Section 3.6.2, different reconstruction methods exist
to analyze the data. Each of them has its own set of selection criteria. These criteria
for the monoscopic reconstruction, which demands the most careful event selection,
are given below:

• source location within 0.5− 0.7 degrees offset from the camera center
• minimum trigger rate 1200 Hz with a stability ≤ 10 %
• minimum run duration ≥ 5 minutes
• maximum broken pixel fraction 5 %
• zenith angles 54− 60 degrees

Only runs with atmospheric transparency larger than 80 % were selected. Other
external parameters, like the relative humidity or temperature, are similar to the
ones for H. E. S. S. I. To select events for the Hybrid reconstruction (CT1-5 events),
a mixture between the H.E. S. S. I and Mono selection criteria is applied.
A total of 33 runs passed the run selection and the subsequent results are derived
from this data (unless specified differently). More runs pass the selection criteria
for the Hybrid analysis. The choice to use the same run list is done for a better
comparison between results of different analysis configurations.

6.3 Data Analysis

To fully exploit the low and high energy events, the data was analyzed with the Com-
bined, Stereo and Mono configurations, using Std and Loose cuts. The Mono recon-
struction uses exclusively the CT5 events, whereas the Stereo Hybrid reconstruction
uses CT1-5 events. The Combined analysis method combines the monoscopic recon-
struction at low energies and stereoscopic reconstruction at high energies, developed
to cover a wider energy range.
The analysis results and the corresponding cut parameters for the hadron rejection
are summarized in Table 6.1. The θ2 cut for the Mono, Stereo and Combined were
set to 0.015, 0.006 and 0.015 degree2, respectively. The θ2 distribution for the Mono
analysis with Std cuts is shown in Figure 6.2, where the OFF events are uniformly
distributed as expected. The θ2 histograms for the other analysis configurations
were also checked. Table 6.1 summarizes the Combined, Stereo and Mono analysis
results. The total number of events in the source region nON, in the background
region nOFF and the corresponding excess are given for each configuration. For the
loose cuts, it can be seen that the signal to background ratio is generally lower.
This cut configuration provides a lower threshold, but weaker hadron rejection. The
use of Stereo Hybrid allows to have a lower energy threshold and a better hadron
rejection.
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Config Cut nON nOFF nexcess SLiMa S/B Rate [γ’s/min]

Mono Std 6799 4224 6319.3 131.4 13.2 7.2±0.09
Loose 7798 5988 7106.1 133.4 10.3 8.1±0.10

Hybrid Std 5667 2676 5495.9 147.4 32.1 6.9±0.09
Loose 8127 4764 7775.6 165.0 22.1 9.8±0.11

Combined Std 8953 4599 8469.2 160.2 17.5 9.6±0.11
Loose 12147 8851 11211.6 173.9 12.0 12.7±0.13

Table 6.1: Analysis results of H. E. S. S. II Mono, Stereo and Combined with Std
and Loose cut configurations. The number of events in the ON and
OFF regions nON , nOFF, the number of excess events nexcess, significance
SLiMa, signal to background ratio (S/B) and the rate of gammas for each
cut configuration are given.
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Figure 6.2: The distribution of θ2 , the angular distance between the reconstructed
direction and source position, for the Mono Std. The background from
the OFF regions is shown in red.

Figure 6.3 shows the Ring Background significance distribution for the Std cuts in
Mono, Stereo and Combined analysis. The red line corresponds to the distribution
of the events with target region excluded. This is fitted with a Gaussian which gives
a sigma and mean of almost zero and one respectively, indicating a good background
estimation and subtraction.
The main challenge of the H.E. S. S. II data analysis is the background subtrac-
tion at low energies. Controlling the background systematics at low energies with
Mono reconstruction is challenging. The stereoscopic reconstruction with events
from CT1− 5 provides a better background subtraction.
Additional consistency checks were performed, including the acceptance maps and
distributions of the main background separation variables (MSSG, Direction Error
and Primary Depth). The center of gravity maps for every telescope participating in
a given run were also checked. These results were used for a spectrum measurement
of the Crab Nebula, which is described in the following.
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Figure 6.3: The ring background significance distributions for Mono, Hybrid and
Combined analysis with Std cuts. The significance distribution of the
whole map is shown in black. The distribution after excluding a circu-
lar region around the source with a Gaussian fit is shown in red. The
latter includes a Gaussian fit with the fit parameters indicated.

6.4 Energy Spectrum with H.E. S. S. II

The spectrum of the Crab Nebula has been measured from H.E. S. S. II data with
different H.E. S. S. II analysis configurations, with the same method as for the
H.E. S. S. I spectrum measurement described in Section 3.6.4. Only the events above
the safe energy threshold are used for the spectrum measurement. For the Mono
spectral analysis, the energy threshold is set to 25 % of the maximum effective area,
which is higher than for the H.E. S. S. I Stereo analysis due to the larger background
systematic effects. For the Stereo Stereo and Combined analysis configurations, the
threshold was set to 15 %.
The spectrum is fitted with a simple power-law and a log-parabola1. The results
of the spectrum fit for Mono, Hybrid and Combined analysis are summarized in
Table 6.4. The Mono analysis provides the lowest energy threshold whereas the
combined analysis provides the a spectrum measurement up to 63 TeV. For all the
configurations, the data is best described by the log-parabola shape.
The superimposed spectra for the Mono, Stereo and Combined analysis configu-
rations, with Std or Loose cuts, are shown in Figure 6.4. The spectral shape of
Combined and Stereo agree in the full energy range, whereas the Mono spectrum is
shifted relative to them at the highest energies. This gap is seen for the Std and
Loose cuts, but for Loose it is more than 20 %, which is under investigation. It could
be a systematic effect related to the monoscopic reconstruction at very-high energies.
At high energies, the flux uncertainties are larger due to the lack of statistics.

1log-parabola is also referred to as curved-power law (CPL)
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Config. Fit Cuts Ethresh Emin Emax N0 Γ β E0 χ2/ndf
GeV TeV m−2 s−1 TeV−1 TeV

Mono PL Std 25 % 240 15.5 (114.5± 1.2) 10−8 2.62± 0.01 - 0.65 87.5/33
CPL Std 25 % 240 15.5 (238.4± 2.7) 10−8 2.45± 0.03 0.11± 0.01 0.49 50.3/32
PL Loose 25 % 220 15.5 (147.8± 1.4) 10−8 2.55± 0.01 - 0.59 87.5/33
CPL Loose 25 % 220 15.5 (334.2± 3.8) 10−8 2.38± 0.03 0.13± 0.02 0.43 50.0/32

Hybrid PL Std 15 % 440 41.9 (20.4± 0.2) 10−8 2.56± 0.02 - 1.3 154/74
CPL Std 15 % 440 41.9 (38.4± 0.5) 10−8 2.32± 0.03 0.19± 0.02 1.1 78.4/73
CPL Loose 15 % 320 41.9 (70.5± 0.7) 10−8 2.34± 0.02 0.17± 0.01 0.87 79.7/75
PL Loose 15 % 320 41.9 (36.3± 0.3) 10−8 2.56± 0.01 - 1.1 175.5/76

Combined PL Std 15 % 360 62.4 (28.8± 0.3) 10−8 2.52± 0.01 - 1.13 213.5/81
CPL Std 15 % 360 62.4 (58.5± 0.6) 10−8 2.30± 0.02 0.17± 0.01 0.87 93.2/80
PL Loose 15 % 290 62.4 (46.2± 0.4) 10−8 2.50± 0.01 - 0.95 282.2/91
CPL Loose 15 % 290 62.4 (104.4± 0.9) 10−8 2.25± 0.02 0.17± 0.01 0.7 105.2/90

Table 6.2: Summary of the Crab Nebula spectrum fit parameters derived from Mono, Hybrid and Combined using
the Std and Loose cut configurations. The best fit parameters for each spectrum shape, a power-law (PL)
and log-parabola (CPL) for the Std and Loose cut configurations are given. The energy threshold Ethresh,
the spectral index Γ, curvature β, normalization N0, reference energy E0 and the fit parameters for each
configuration are given. Emin and Emax correspond to the energy range of the fit, obtained during the
spectrum fit procedure.
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6.4 Energy Spectrum with H. E. S. S. II
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Figure 6.4: The spectral energy distribution of the Crab Nebula as measured with
H.E. S. S. II and fitted with log-parabola spectrum shape. The Mono,
Stereo and Combined spectra are derived using the Std (a) and Loose
(b) cuts. The spectrum derived with the Mono configuration (cyan)
provides a lower energy threshold compared to the spectrum from the
Stereo and Combined analyses, which agree well with one-another.

The Combined analysis configuration provides a lower energy threshold compared
to the Hybrid. The best fit spectrum parameters for the Combined Std are:

dN
dE = (5.9±0.06)×10−11

(
E

0.87 TeV

)−(2.3±0.02)−(0.17±0.01) ln( E
0.87 TeV ) 1

TeV cm2 s . (6.1)
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These results have been-cross checked with the HAP framework, another reconstruc-
tion framework within H.E. S. S. (done by J. Hahn). The intersection run list of both
analysis pipelines was used for the cross-check. Both analysis frameworks agree well
on the differential flux within 20 % uncertainty. Systematic checks performed to
understand the difference indicated that it’s due to the flux normalization. For this
scope, the spectrum measured by the two different H.E. S. S. analysis chains was
compared to the “global” Crab Nebula spectrum, taken as the average spectrum
of the three major IACT experiments i.e. MAGIC, VERITAS and H.E. S. S. (PA
+ HAP). The relative flux differences (Fi − FAverage)/Fi were calculated, where Fi
stands for the H.E. S. S. measurement (this work) and FAverage is the average spec-
trum obtained from H.E. S. S. (PA + HAP), MAGIC and VERITAS measurements.
An example of this check is shown in Appendix B. The three instruments are tak-
ing independent measurements, during different time periods and under different
observation conditions. Comparing the spectrum of different measurements from
different experiments is not an easy task, since the systematics between the differ-
ent experiments are not known. Systematic uncertainties are due to the different
calibration and reconstruction methods of individual experiments and an absolute
calibration between the experiments is difficult. In the comparison plot shown in
Figure B.1, the uncertainty between the experiments is assumed to be 30%.

6.5 Spectral Energy Distribution

The measured spectrum with the H.E. S. S. II and H.E. S. S. I experiments from this
work are plotted along with measurements from the other high-energy experiments
in Figure 6.5 in an SED representation.
The highest energy points from the Fermi-LAT measurement are connecting with
the low energy spectral points from the IACT experiments close to the inverse
Compton peak. The first spectral points from the H.E. S. S. II Mono analysis provide
a link to the Fermi-LAT points as a continuation of the spectrum energy distribution.
The MAGIC experiment location on the Canary island allows to observe the Crab
Nebula near zenith and has the best observation position to bridge the spectrum
measurements from space and ground measurements. The data point from the two
experiments overlay. The peak of the spectral energy distribution was estimated by
MAGIC at (53±3) GeV in a joint fit with Fermi-LAT data [155].
The H.E. S. S. I spectrum from this work extends up to 62 TeV, making this the
highest energy spectrum measurement for the Crab Nebula from all IACTs. The
spectrum measured by VERITAS goes up to 42 TeV, even though they observe the
Crab Nebula at zenith angles between 8-35 degrees. Nevertheless, the telescope
configuration, i.e. collection area and telescope design is more suited for low energy
measurements, not for the high energies [164].
The spectrum measured here is more curved than the spectrum from the other analy-
sis framework. It is still under investigation if it’s due to systematic effects or physics.
A more precise measurement could be achieved with Run-Wise-Simulations (RWS),
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Figure 6.5: The spectral energy distribution of the Crab Nebula as measured with
H.E. S. S. I and H.E. S. S. II (from this work) along with the pub-
lished data points from MAGIC, VERITAS and Fermi-LAT experi-
ments [172, 164, 155].

which provide simulation for each set of run observation parameters, i.e. zenith an-
gle, optical efficiencies, azimuth, night sky background level etc. In the current
scheme are classical Monte Carlo simulations which have a predefined ranges of
these parameters. RWS are currently being developed for H. E. S. S.

6.6 Variability Studies

This part is dedicated to variability studies with H.E. S. S. II, strongly motivated
by the puzzle on the origin of the GeV flares.
Four major flares detected by the Fermi-LAT are summarized in Table 6.3. During
all these flares only the flux from the synchrotron component varied and the corre-
sponding details are summarized. The flare amplitude are compared to the average
quiescent synchrotron photon flux (6.1 ± 0.2 × 10−7 cm−2s−1) from [55]. The spec-
tral energy distribution of the GeV flares reported from the AGILE and Fermi-LAT
spaceborne satellites, obtained at the maximum flare level are plotted in Figure 6.6.
As seen from the plot, during the flares the spectrum of the synchrotron component
hardens with the increased flux levels. From all flares, only the most recent flare
(until this thesis was written) reported by the Fermi-LAT during October 2016 was
observed by the H.E. S. S. II telescope. Studying the emission at TeV energies and
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search for correlated variability is important to understand the origin of the flares.

Fermi-LAT flares Feb 2009 Sep 2010 Apr 2011 Mar 2013 Sep 2016

Duration [days] 16 4 9 14 30
Amplitude x4 x6 x30 x6 x5
Variability [h] <10 <10 <8 <6 -
H.E. S. S. II Obs. - - - - yes

Table 6.3: The major GeV flares detected by the Fermi-LAT along with duration,
amplitude and variability time scale. This table also indicates if the
flare was observed by H.E. S. S. II. The major flares details are taken
from [152, 172, 153], while the 2016 flare details are from this analysis.

Figure 6.6: Spectral energy distribution of the Crab Nebula compiled with data
from the spaceborne satellites. The spectral points correspond to the
maximum flare level of the major flares detected on the Crab Nebula
by AGILE and Fermi-LAT satellites. The blue data points belong to
the average nebula flux values. Image courtesy [55].

The October 2016 flare with the Fermi-LAT and H.E. S. S. II was subject of this
thesis and the analysis details are described next.
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6.7 The Crab Nebula 2016 GeV Flare

6.7 The Crab Nebula 2016 GeV Flare

The Fermi-LAT and AGILE collaborations reported on an increase of the flux from
the Crab Nebula in 2016 October 03: flare alerts were posted on the Astronomer’s
Telegram [171, 170]. The H.E. S. S. telescopes observed the Crab Nebula during this
period. The upgrade phase of the CT2-4 telescopes started in the beginning of the
year, so unfortunately three telescopes were not available for observations during this
flaring period. Nevertheless, one of the small telescopes (CT1) and the H.E. S. S. II
telescope observed the Crab Nebula as a target of opportunity for several days.

Figure 6.7: Observations of the H.E. S. S. experiment before and after the up-
grade phase. The CT1 telescope was not included in observations until
March, the month during which the three other H.E. S. S. telescopes
entered in the upgrade phase. After August 2016, the array started
to be re-commissioned with five telescopes. The months during which
the H.E. S. S. experiment observed the Crab Nebula are marked with
down cyan triangles and the Fermi-LAT flare is indicated in orange.

6.7.1 H. E. S. S. II Observations

Crab Nebula observations with H.E. S. S. II started in January 2016 and were in-
tensified after the upgrade phase was completed, with many observation runs taken
for re-commissioning purposes (see Figure 6.7). The zenith angle range during this
period extended up to more than 60 degrees, making the analysis of this data chal-
lenging. From all the observation runs taken during 2016 that pass the standard
quality selection criteria, 16 runs were taken at zenith angles greater than 60 de-
grees. These runs were excluded from the analysis. Many runs had other problems
or were of too short duration, which also led to their exclusion from the final run
list. Additionally, several runs with a non-optimal transparency coefficient values
were not taken into account.
For the GeV flare, the only public information was the initial flare reported on
the Astronomer’s telegram by the Fermi-LAT. Other important information for the
variability study with H.E. S. S. II, like the flare amplitude or duration in GeV,
were not known. Therefore, an analysis on the Crab Nebula with publicly available
Fermi-LAT data taken during this flaring period was performed; the details are
given next.

125



Chapter 6 Crab Nebula with H. E. S. S. Phase-II Observations

6.7.2 Fermi-LAT Analysis

As the Crab Nebula analysis with the Fermi-LAT is more challenging compared to
extragalactic sources, the analysis of the March 2013 flare were reproduced to check
the credibility of the 2016 results. After having obtained consistent results with the
published ones, on the 2013 flare, it was proceeded to the analysis of the 2016 flare,
which is described next.
For this study, the Fermi-LAT publicly available data from 2016 September 01 to
2016 October 31, corresponding to MJD 57632-57692, were analyzed. All events
with energies between 100 MeV and 500 GeV coming from a 15 degrees circular
region of interest (RoI) of the sky centered on the position of the Crab Nebula were
selected. This RoI size was chosen in order to account properly for the background
contamination from nearby sources and to have an optimal normalization of the
Galactic diffuse model. Considering the motion of the LAT instrument during the
operation, good time intervals are selected by excluding the time when the Earth
was in the field of view of the LAT. The counts map of the RoI for the here-discussed
time period is shown in Figure 6.8.

Figure 6.8: A 15◦× 15◦ RoI counts map centered on the position of the Crab Neb-
ula. This correspond to the period of the 2016 flare and the brightness
of the Crab Nebula is visible. The Crab Nebula is marked with green
cross and other bright sources are marked as well. The squared symbols
indicate two extended sources located within RoI.
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6.7.2.1 Background Model File

In order to perform the likelihood analysis, the first step after selecting good quality
data is to determine the background model for the RoI on the entire time range.
For this purpose, all known gamma-ray sources from the 3FGL catalog [44], located
within 20 degrees of the RoI were considered. A total of 123 point sources and 2
extended sources were found within the RoI. The extended sources, namely S 147
and IC443 were modeled by the templates provided by the 3FGL catalog. The back-
ground model also accounts for the Galactic and isotropic emission by including the
two diffuse components provided by the Fermi-LAT collaboration (iso_source_v05
and gll_iem_v05) in the model.
In the default 3FGL based background-model, the parameters of the sources detected
with a significance >5σ are left free. As the 3FGL is based on 4 years of data, the
short time period analyzed in this work prohibits such significance limits. It would
cause problems in the convergence of the likelihood fit due to the fact that for some
sources there is not enough statistics. For this reason, only source listed with a
detection significance >12σ were left free.
In the previous analysis of the Crab Nebula (see [173, 153]), as well as in the 3FGL
catalog [44], the Crab Nebula spectrum consists of three independent components.
For this Fermi-LAT analysis therefore, the Crab Nebula emission was split into three
components accounting for the pulsar, for the inverse Compton and synchrotron
emission, named as J0534.5+2201i, J0534.5+2201s and 3FGL J0534.5+2201. The
Crab Nebula components were modeled as point like in this analysis, given the
Fermi-LAT resolution of 0.1◦ and the apparent size 0.03◦ of the Crab Nebula. The
extension of the Crab at very-high-energies would require a dedicated study which
goes beyond the scope of this work. Note that H.E. S. S. measures the spectrum well
beyond the synchrotron peak and is not able to resolve the pulsar, so the composition
in the three components is not considered in H.E. S. S. analyses.

6.7.2.2 Spectral Analysis

To derive the average spectrum of the Crab Nebula over the time period mentioned
above, a likelihood analysis with gtlike2 was performed. In the background model
the components of the Crab Nebula were left free, together with the Galactic diffuse
emission components, while all the other sources within 20 degrees were initialized to
their 3FGL catalog values. The synchrotron component was modeled by a so-called
Power Law2, which calculates the integrated flux in each bin:

dN
dE = Fsynch

−Γ + 1
E−Γ+1

max − E−Γ+1
min

E−Γ. (6.2)

The inverse Compton component is modeled by a log-parabola:

dN
dE = ΦIC

(
E

E0

)−α−βlog(E/E0)
(6.3)

2https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/overview.html
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The Crab pulsar spectrum, following [174], was parametrized by a smoothly broken
power law:

dN
dE = Φpulsar

(
E

100 MeV

)−p1
1 +

(
E

Eb

) p2−p1
s

−s , (6.4)

where p1,2 are the spectral index before and after the energy break Eb and s is the
sharpness of the transition between the two slopes. The spectrum parameters of
the Crab pulsar are kept fixed to their catalog values, whereas the synchrotron and
the inverse Compton components were left free. From the Fermi-LAT observations
of the previous flares, it was found a constant flux from the Crab pulsar, which is
assumed also here to simplify this calculation. Checking if the Crab pulsar emission
really remains constant would require the pulsar ephemeris for this period.

6.7.2.3 Temporal flux variations

To investigate the temporal flux evolution, the data was divided in 3-day time bin
duration. The choice of this duration represents a trade-off between being sensitive
to variability and have enough statistics in the time bins where there is no flux
enhancements. In each bin, the synchrotron component was modeled as a simple
power law. The only parameter left free in the short time bins is the integral flux
of the Crab Nebula with the spectral index fixed to the value obtained for the
complete data set. The pulsar spectrum parameters were fixed to the catalog values
during the fitting procedure. The lightcurve is presented in Figure 6.10. It can
be seen that the flare duration was about one month and the flux peaks at 2016
October 07. The flux points plotted in the lightcurve correspond to the synchrotron
component. The average flux for the synchrotron component from MJD 57632-
57692 was: Fsynch = (2.01±0.12)×10−6 ph cm2s−1. The flux at the amplitude peak,
from MJD 57671-57674, was Fpeak = (4.27± 0.26)× 10−6 ph cm2s−1. The flux from
the synchrotron component has reached a factor of five compared the quiescent flux
reported before by the LAT collaboration [172].

6.7.3 H. E. S. S.-Fermi lightcurves

The H.E. S. S. II observations taken between September to October resulted in nine
good quality runs, corresponding to an acceptance-corrected live time of 3.6 hours.
For the spectral and variability studies here-discussed, the Mono analysis configura-
tion with Std cuts were used. The spectrum of the Crab Nebula for the data taken
between September and October was fitted by a curved power-law shape, that best
represents the shape of the IC peak. The H.E. S. S. spectrum derived simultaneously
with the Fermi-LAT observations is shown in Figure 6.9, superimposed the overall
H. E. S. S. II spectrum and extends from 230 GeV to 10.44 TeV.
The corresponding lightcurve with integral flux above 1 TeV was calculated in run-
by-run basis (28 minutes). The highest value corresponds to the 2016 October 07.
The lightcurve was fitted to a constant flux and gave a reduced χ2/ndf = 67.6/21
(P = 0.0001). The lightcurve derived by H.E. S. S. II has an excess variance of 15%
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Figure 6.9: The Crab Nebula energy spectrum derived with data from September
to October 2016 superimposed to the overall H. E. S. S. II Mono spec-
trum for comparison. The 1σ confidence interval of the fitted spectrum
shape are plotted as solid lines. Both spectra are obtained from Mono
Std analysis configurations and are compatible within the estimated
H.E. S. S. uncertainties. The errors plotted are statistical only.

but it has to be compared to the 20% systematic uncertainty quoted by H.E. S. S.
The lightcurves obtained by Fermi-LAT and H.E. S. S. are shown in Figure 6.10.
The lightcurve points from H.E. S. S. II appear to have higher fluxes in the beginning
and lower after, which could be a flare starting before at TeV energies. However,
by assuming a systematic uncertainty of 15% in each run, the χ2/ndf is reduced to
17.86/21 (P = 0.66). Since the error on the flux is increased, this automatically
reduces the χ2/ndf.
All the Crab Nebula flares at GeV energies, including the one presented here, are
coming from the synchrotron component. To investigate the high and the low flux
variations with H.E. S. S., the spectrum of the Crab Nebula was divided into two
parts. The “low” energy spectrum is restricted to events with energies up to 1
TeV. Whereas the “high” energy spectrum is fitted at energies above 1 TeV. The
former does not show evidence of flux variability which is characterized by an excess
variance larger than 15%. The later case for the monoscopic reconstruction above 1
TeV shows the same behaviour.
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Figure 6.10: TeV and GeV lightcurves of Crab Nebula in 2016. Top: The lightcurve
in a run-by-run basis measured from H.E. S. S. II from MJD 57390.94-
57724.02 (red squares). The integral fluxes, calculated above 1 TeV
are normalized to the average flux from the H.E. S. S. flux from 2006
publication [113]. The dashed red line correspond to the average
flux for this period, whereas the black line to the average flux from
2006. In the bottom part of the plot, the Crab Nebula integral flux
of the synchrotron component between 57632-57692 MJD as derived
from Fermi-LAT data is plotted (blue crosses). The integral fluxes
are calculated in 3-day time bins, from 100 MeV < E < 500 GeV and
normalized to the published average synchrotron flux from [172]. The
dashed blue line correspond to the average synchrotron flux from the
previous Fermi-LAT measurements (6.1± 0.2× 10−7 cm−2s−1).

6.8 Summary and Discussion

The installation of the H.E. S. S. II telescope in 2012 with new trigger schemes, along
with the sophisticated analysis techniques developed for it, opened up the low GeV
energy range to the H.E. S. S. experiment. This chapter was dedicated to observa-
tions of the Crab Nebula with H.E. S. S. Phase-II. Even though the experiment was
taking data continuously during 2013, the commissioning runs were not included to
derive scientific results due to the continuous changes in the camera configuration
during this period.
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Run Date MJD tlive Zmean NON NOFF Excess Sig. Φ > 1 TeV
2016 h deg ×10−11cm−2 s−1

124790 09-29 57660.1 0.4 49.3 263 131 245.7 25.7 3.05± 0.22
124842 09-30 57661.1 0.4 48.4 208 126 192.3 22.4 2.32± 0.20
124917 10-02 57663.1 0.4 49.5 255 102 240.5 25.8 2.84± 2.21
125081 10-05 57666.1 0.4 51.8 183 100 170.6 21.5 2.23± 0.21
125124 10-06 57667.1 0.4 46.4 190 109 176.6 21.8 2.12± 0.18
125220 10-09 57670.1 0.4 45.8 251 130 235.0 25.5 2.35± 0.17
125263 10-10 57671.1 0.4 45.6 247 138 226.7 23.5 2.35± 0.17
125269 10-10 57671.1 0.2 49.0 127 71 117.9 17.6 1.98± 0.20
125333 10-12 57673.1 0.4 48.1 178 111 164.7 20.9 1.98± 0.18
full-set - 3.4 48.2 1902 1018 1770 68.6 2.54± 0.05

Table 6.4: Analysis results for each observation run taken during September-
October 2016. The run number, Modified Julian date (MJD), the live
time tlive, mean zenith angle Zmean, the number of ON (NON) and OFF
(NOFF) events, the excess and the significance for each run are given.
The integral flux Φ above 1 TeV is also given.

The study performed on the Crab Nebula profited from the current trigger schemes
which allowed to lower the energy threshold, particularly important for spectral and
variability studies. All the available H. E. S. S. II Crab Nebula data taken after the
commissioning is used to measure the energy spectrum down to 260 GeV. This allows
H.E. S. S. to get closer to the inverse Compton peak and to the Fermi-LAT spectral
points. The spectrum was best described by a log-parabola function, similar to the
shape previously measured by the MAGIC and VERITAS experiments. In combi-
nation with the spectrum measured by H.E. S. S. I, presented in Chapter 5, this is
the broadest H.E. S. S. Crab Nebula spectrum measurement so far, as it covers more
than three decades in energy. All the spectra obtained from this work have been
cross-checked with another analysis framework (HAP, done by J.Hahn) using the
intersection run list between the two analysis frameworks. The relative differences
on the differential flux are compared with the the “global” spectrum derived from
all IACT measurements. In general, the spectra as measured by MAGIC, VERI-
TAS and H.E. S. S. agree well with each other and show the curved shape around
the inverse Compton peak. The relative differences of all spectrum measurements
are within 30 % and the measurement from this work exhibits a higher curvature
compared to the other measurements.
The flux variability at GeV energies is another peculiarity of the Crab Nebula. A
flare reported by the Fermi-LAT via an Astronomer’s Telegram made the H.E. S. S.
trigger on the Crab Nebula during September and October 2016. In this chapter,
the Fermi-LAT and H.E. S. S. II observations of this flare were also described. The
analysis of the Fermi-LAT data revealed that the Crab Nebula flare lasted about
one month in the energy range of Fermi-LAT. This analysis showed the flux instabil-
ities were in the synchrotron component, whereas the inverse Compton component
remained at the level of the reported constant flux, as seen in the previous flares.
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The H.E. S. S. I telescopes could not observe the flare as they were in recommission-
ing, and commissioning runs are generally not used to derive scientific results due
to the continuously changing experiment setup. Fortunately, the H.E. S. S. II tele-
scope was operating during this period and its data was used to investigate the flux
variability. With a total of 9 runs, corresponding to an exposure of 3.4 hours, the
emission from the Crab Nebula simultaneous with the Fermi-LAT observations was
studied. The flux from this period had an excess variance of 15%, which is within
the H.E. S. S. uncertainty level. The energy spectrum measured by H.E. S. S. II dur-
ing this time was compatible with the time-average spectrum from all H. E. S. S. II
data, also within the uncertainties quoted by H.E. S. S.. There is a possibility that
H.E. S. S. missed any significant flux enhancements in this period as only a few runs
(3.4 h observations) were considered as good quality and were used to perform the
study. The variability study from the H.E. S. S. and Fermi-LAT data hints a TeV
flare, which starts increase before the GeV flare.
Run-wise simulations can help to reduce and control the systematic uncertainties
and to conclude more about the flux variation of the Crab Nebula. Also a de-
tailed correlation study of the flaring amplitudes between the Fermi-LAT and the
H.E. S. S. experiments could provide more information about the flares. The 2016
flare has been partly observed with H.E. S. S. II standing alone. H. E. S. S. is now
fully operational again after the successful upgrade phase, offering the opportunity
to observe the Crab Nebula with the full array if any flux enhancement is reported
again in the time when the Crab Nebula is visible to the H.E. S. S..
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Chapter 7

Conclusions and Outlook

Energetic gamma rays from high-energy processes in the Universe are studied by
space satellites and ground based detectors. The Fermi-LAT satellite scans the
whole sky every three hours in the energy range from about 30 MeV up to more
than 500 GeV since June 2008. The H.E. S. S. experiment located in the southern
hemisphere in Namibia detects very-high-energy gamma rays from a few tens of GeV
up to hundreds of TeV since 2003. The present generation of detectors have opened
a new window to study the gamma-ray emission from the Universe.
In the work presented here, data from the Fermi-LAT and H.E. S. S., state-of-the-art
experiments in gamma-ray astronomy, were used to perform spectral and variability
studies at high-energies. The gamma-ray emission from B2 1215+30 and the Crab
Nebula, two prototypical sources representing the most abundant source types at
GeV and TeV energies, is studied. B2 1215+30 belongs to the blazar source class,
a type of active galactic nuclei, whereas the Crab Nebula is a pulsar wind nebula
located in the galactic plane.
A systematic investigation of the complete H.E. S. S. data on the Crab Nebula was
performed to study in particular the flux, spectrum and variability. Standalone
H.E. S. S. measurements did not result in any evidence for variability. The syn-
chrotron emission from the Crab Nebula was found to be variable at high-energies
by the space detectors. Multiwavelength observations of the Crab Nebula flare with
the H.E. S. S. experiment kept the origin of this flares uncertain by not revealing any
variability in the very-high-energies. New flaring activities at the GeV energy range
have been detected by the Fermi-LAT in 2016, and the simultaneous H.E. S. S. II
observations were presented here.
Blazars constitute the vast majority of sources detected at gamma-ray energies.
Multiwavelength observations of blazars reveal them as variable at all wavelengths.
Observations of high luminosity with rapid flux variation from small emission regions
characterize blazars at very-high-energies. Their flaring activities reveal different be-
haviour at high-energies, offering a new opportunity to study and characterize the
emission from these sources. Part of this work was dedicated to the study of the
emission from one source of this class; the B2 1215+30 blazar represents an interest-
ing case to study the high-energy emission. This work studied and characterized a
large gamma-ray flare amplitude and long-term variability studies were performed.
This study relied on Fermi-LAT publicly available data.
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B2 1215+30
with almost a decade of Fermi-LAT data

One important feature of BL Lac objects is the flux variation with different am-
plitudes and on different time scales, in some cases down to minutes. Such events
are important to characterize the high-energy emission from these objects. The
flux emission from two short time periods of five months during 2013 and 2014 was
investigated with Fermi-LAT data. The study of these two episodes was done in col-
laboration with the VERITAS experiment, with gamma-ray emission studied over
five decades in energy. This work resulted in the detection of one major flare on
2014 February 08, simultaneously seen by Fermi-LAT and VERITAS.
The flux from B2 1215+30 during the 2014 TeV flare was 16 times higher than the
average in the GeV range, whereas the TeV flux scaled by a remarkable factor of 60.
The blazar Mrk 421 (z=0.0308) would have to exhibit a 35 Crab flare to reach the
luminosity of the B2 1215+30 outburst reported here. To date, only few blazars are
found to reach this brightness during flaring episodes. Around the time period of the
flare, a hardening of the spectral index in the GeV energy range was measured.
These results were used to set limits on the size of the emission region and estimate a
minimum Doppler factor following opacity arguments. From the strength of the GeV
flare in the Fermi-LAT energies, a lower limit of tvar < 9.0 on the variability time
scale and a minimum Doppler factor of 5 was found. The Fermi-LAT measurements
were complemented by Swift-XRT data taken 24 h after the flare to estimate the
synchrotron photon field density. The variability time scale of the TeV flux measured
with VERITAS further constrained the results on the Doppler factor of the emission
jet with a minimum Doppler factor of 10. Multiwavelength observations taken quasi-
simultaneously during the 2014 flaring episode were used to model and understand
the high-energy emission. Two scenarios were considered to explain the emission
from the B2 1215+30: the highest part of the spectral energy distribution can be
explained by the synchrotron self-Compton or external Compton models. From the
SSC scenario, the ratio between the synchrotron and inverse-Compton luminosities
were used to estimate the magnetic field.
Observations with the Fermi-LAT have opened a new window to study and monitor
the gamma-ray emission of the sky objects. The long-term flux evolution of the BL
Lac object B2 1215+30 was studies with almost nine years of observations. This
showed other GeV flares with the flux reaching similar values as in the spectacular
flare of February 2014. Three major flares, where the average flux increases by a
factor of 16, were found. Studies of the long-term variability show that the yearly
average flux is increasing linearly with time, correlated with a hardening of the
spectral index.

Prospects

In nine years of Fermi-LAT data, an almost linear increase of the year-average
integral flux and hardening of the spectrum was found. The evolution of the flux
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was further investigated to understand the origin of the flares. The possibility of
additive and multiplicative processes within the emission region were investigated by
fitting the fluxes and log-fluxs by a normal distribution. Both cases do not describe
the data in a satisfactory way. As the source exhibits several flux variations and
high states through the years, a quasi-periodic modulation could explain the flaring
activities. A discrete Fourier transform of the lightcurve hints a periodicity of of
about 1083 ± 32 days. A similar periodicity has been reported only in one blazar,
the PG 1553+113 [143]. The steady increase of the integrated flux on a long-term
of nine years and the rich variability pattern make this blazar a promising object
for future projects.

Crab Nebula
with more than a decade of H. E. S. S. data

The Crab Nebula, one of the best studied objects in the sky, was the subject of this
thesis work with H.E. S. S. More than ten years of observations from the H.E. S. S.
experiment were used to measure the energy spectrum and perform variability stud-
ies on the Crab Nebula. The H.E. S. S. I experiment provides the best opportunities
for studies at energies above 10 TeV due the large collection area. With the instal-
lation of the H.E. S. S. II telescope, there is a new possibility to exploit the lower
energy range and with the increased H.E. S. S. I statistics, to expand the spectrum
at even higher energies.
Crab Nebula’s flux measurements are prone to systematic uncertainties for H. E. S. S.
due to large zenith angle observations. This makes a spectrum measurement over
a large time scale of ten years particularly challenging. The atmosphere is an elec-
tromagnetic calorimeter, which can not be calibrated with beam tests, so the recon-
struction relies heavily on Monte Carlo simulations, assuming an atmospheric model.
A deviation of the atmosphere from this model introduces systematic uncertainties.
Observations at large zenith angles mean that the Cherenkov light traverses more at-
mosphere before reaching the camera, emphasizing the importance of correcting for
varying atmospheric conditions. In this work, the atmospheric transparency effect
on the Crab Nebula flux measurements was studied. This represents the first us-
age of the atmospheric transparency coefficient for large-zenith data with H.E. S. S.,
including also flux corrections.
The spectrum of the Crab Nebula presented here, measured with H.E. S. S. Phase-
I and Phase-II, extends from 280 GeV up to 62 TeV. The increased data set was
used to refine a H.E. S. S. I legacy spectrum and the H.E. S. S. II data set allows to
measure the spectrum with lower energy threshold, which goes down to 280 GeV.
With the monoscopic reconstruction, it is possible to measure the spectrum down to
240 GeV and get closer to the inverse Compton peak and connect with the highest
points of Fermi-LAT. The measured spectrum is best described by a log-parabola
shape, compatible with the spectral shape measured by the MAGIC and VERITAS
experiments, while the spectrum previously measured by the H.E. S. S. collaboration
was described best by a exponential power-law with a cut-off.
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Another particularity of the Crab Nebula are flux variations of the high-energy
synchrotron component. With the current scheme of H.E. S. S., it is possible to
study the very-high-energy emission, taking advantage of the large collection area
of H. E. S. S. II to bridge the GeV and TeV energy ranges. Among all the flares
reported by the Fermi-LAT, only a recent flare in October 2016 was observed by
H.E. S. S. II. The analysis of the Fermi-LAT public data reveals the GeV flare lasting
for about a month. A simultaneous data analysis was conducted with H.E. S. S. II
data. The faring episode was not completely covered by H.E. S. S., as the small
telescopes were recommissioned after a camera upgrade. Observation carried out
between the 29th of September and the 12th of October 2016 with a total of 3.4 h
live time corrected by the acceptance was used for investigating the variability with
H.E. S. S. II. The energy spectrum of this period was found to be compatible with
the spectrum measured for all the data set within the systematic uncertainties. The
evolution of the integral flux above 1 TeV during this time period gives an excess
variance of 15 %. Possible flux variability in the energy range covered by H.E. S. S.
are not excluded. Given the observation limitations of ground-based detectors, such
flares can also be missed.
Given the puzzle on the GeV flares, part of the thesis was dedicated to hunt for
TeV flares with 15 years of H. E. S. S. observations. Adding together H.E. S. S. I and
H.E. S. S. II studies on the variability of the Crab Nebula, no evidence of an excess
variance larger than 15% was found in a run-by-run lightcurve. This favours the
scenarios that relate GeV flares with changes in the magnetic field. However, more
is to be seen from future observations.

Prospects

The Crab Nebula spectrum measured from this work starts at 280 GeV and extends
up to 62 TeV. The current limitations to the lower energy threshold are related to
systematic effects. One possibility to reduce the systematic effects and lower the
energy threshold is the use of run-wise-simulations, dedicated simulations of the
observational conditions on a run-by-run basis instead of using averaged values as
done in classical Monte Carlo simulations. Simulating the zenith angles, azimuth,
night sky background and other observable variables for each run would decrease
the systematic uncertainty. This would result in a more stable effective area and
allow to lower the energy threshold even more. These simulations are still under
development and not yet ready for use within the H.E. S. S. analysis framework.
The flux correction by the atmospheric transparency coefficient improves the results
and reduces the excess variance. Correcting the flux by the transparency coefficient
changes the normalisation of the spectrum, which a correction at the event energy
level wouldn’t. Hence, a more precise correction of this effect would be to correct
the energy of the events before the analysis, which would increase the sensitivity.
After the upgrade phase was successfully completed and H.E. S. S. become fully
operational again, the possibility to detect such flares is higher. The H.E. S. S.
experiment will continue to monitor the Crab Nebula in the future.
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There is no future project confirmed as the Fermi-LAT successor as of now, but
the Cherenkov Telescope Array, the future ground-based gamma-ray observatory,
is currently under design and development. The two sites of CTA planned in La
Palma in the northern hemisphere and Chile in the southern hemisphere offer the
exclusive possibility to observe and explore a new energy range for the Crab Nebula.
CTA south, planned as a large array of particularly small size telescopes, offers the
opportunity to study the very-high-energy emission from the Crab Nebula. Whereas
the north site, planned to operate with four large size telescopes, will allow to get
closer to the inverse Compton peak. For the design of CTA, a more sophisticated
atmospheric monitoring is planned.
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Appendix A

The observed energy of the high energy photons and soft photons are:

Eγ = E
′

γ

δ

(1 + z) ; Et = E
′

t

δ

(1 + z) (A.1)

The observed energy of the soft photons can be written as:

Et = δ2

(1 + z)2
(mc2)2

Eγ

By taking δ = 4, z = 0.13, Et = 73.551GeV we estimated the observed energy of
the soft photons to be Et = 44.485088eV .
Following the Dondi paper [139], the monochromatic luminosity of the target pho-
tons is given:
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≡ F (Et) can be presented with a power law:
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which after can be transformed as:

F (Et) = F1keV
(1 + z)2α

δ2α

(
Eγ
GeV

)α
(A.2)

with FkeV - measured flux at 1keV. The optical depth can be written as:

τ(E ′γ) = σT
5hc2 (1 + z)2αδ−(4+2α) d

2
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tvar
F1keV

(
Eγ
GeV

)α
With the requirement that τ(Et) < 1 we can be obtainted a lower limit on the
Doppler factor δ:

δ ≥
[
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2
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5hc2 (1 + z)2α 1
tvar

F1keV

(
Eγ
GeV

)α] 1
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Figure B.1: The Crab Nebula spectrum and the relative difference with the
“global” spectrum. The relative difference between each spectrum and
the average are plotted in the bottom part of the plot. The H.E. S. S.
points are derived from the intersection run list between the Paris-
Analysis and HAP, two different analysis frameworks. The shadowed
blue area correspond to 30% relative difference. The PA Std (green)
correspond to this work and “HAP’ (orange) to the other analysis
framework (internal H. E. S. S. results produced by J.Hahn using HAP
framework).
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Titre : Recherche de la production de paires de bosons de Higgs dans le canal de désintégration
bbτ+τ− avec le détecteur CMS auprès du LH

Mots clefs : Boson de Higgs, Expérience CMS, Collisionneur LHC, Modèle standard et au-delà, Déclenchement

Résumé : Cette thèse présente une recherche pour la production de paires de bosons de Higgs ( ) en utilisant
les données de collisions proton-proton à

√
s = TeV enregistrées avec l’expérience CMS auprès du LHC au

CERN. Les évènements avec les deux bosons de Higgs se désintégrant en une paire de quarks b et de leptons τ
( bbτ τ−) sont utilisés pour l’exploration des mécanismes de production résonante et non-résonante. La
production de donne accès à l’auto-couplage trilińeaire du boson de Higgs et pourrait révéler la présence de
physique au-delà du modèle standard.
Un effort important a été consacré au développement d’un algorithme pour la reconstruction des leptons τ se désin-
tégrant en hadrons (τ h) et un neutrino au sein du déclenchement calorimétrique de premier niveau de l’expérience.
Ceci a été amélioré pour faire face à l’augmentation de l’énergie dans le centre de masse et de la luminosité instanta-
née de collisions au Run II du LHC. L’algorithme se fonde sur une technique avancée de regroupement dynamique de
l’énergie et utilise des critères dédiés pour la réduction du bruit de fond. Sa structure, son optimisation, sa mise en
place, la vérification de son fonctionnement pour le redémarrage à 13 TeV au LHC, et la mesure de sa performance
sont présentés ici. Cet algorithme est un élément essentiel dans la recherche de la production .
L’investigation du processus bbτ τ− utilise les trois canaux de désintégration du système τ τ− avec au
moins un τ h dans l’état final. La sélection et la catégorisation des évènements sont conçues pour optimiser la
sensibilité de la recherche, et des techniques d’analyse multivariée sont mises en place pour distinguer le signal du
bruit de fond. Les résultats sont présentés en utilisant une luminosité intégrée de . fb−1. Ils sont compatibles,
compte tenu des incertitudes expérimentales, avec les prédictions du modèle standard pour les bruits de fond. Des
limites supérieures à la production résonante et non-résonante de HH sont évaluées et permettent de contraindre
l’espace des paramètres du modèle standard supersymétrique minimal et les couplages anormaux du boson de Higgs.
Les limites supérieures observées et attendues correspondent respectivement à environ 30 et 25 fois la prédiction
du modèle standard, et représentent l’un des résultats les plus sensibles à la production de HH jamais atteints au
LHC.
Les perspectives pour l’observation de la production de HH au LHC sont enfin discutées. Les résultats actuels sont
extrapolés pour une luminosité intégrée de fb−1 en considérant différentes hypothèses pour la performance du
détecteur et de l’analyse.

Title : Search for Higgs boson pair production in the bbτ+τ− decay channel with the CMS detector
at the LHC

Keywords : Higgs boson, CMS experiment, LHC collider, Standard model and beyond, Trigger

Abstract : This thesis describes a search for Higgs boson pair ( ) production using proton-proton collision data
collected at

√
s = TeV with the CMS experiment at the CERN LHC. Events with one Higgs boson decaying into

two b quarks and the other decaying into two τ leptons ( bbτ τ−) are explored to investigate both resonant
and nonresonant production mechanisms. production gives access to the Higgs boson trilinear self-coupling and
is sensitive to the presence of physics beyond the standard model.
A considerable effort has been devoted to the development of an algorithm for the reconstruction of τ leptons
decays to hadrons (τ h) and a neutrino for the Level-1 calorimeter trigger of the experiment, that has been upgraded
to face the increase in the centre-of-mass energy and instantaneous luminosity conditions expected for the LHC
Run II operations. The algorithm implements a sophisticated dynamic energy clustering technique and dedicated
background rejection criteria. Its structure, optimisation and implementation, its commissioning for the LHC restart
at TeV, and the measurement of its performance are presented. The algorithm is an essential element in the search
for production.
The investigation of the bbτ τ− process explores the three decay modes of the τ τ− system with one or
two τ h in the final state. A dedicated event selection and categorisation is developed and optimised to enhance
the sensitivity, and multivariate techniques are applied for the first time to these final states to separate the
signal from the background. Results are derived using an integrated luminosity of . fb−1. They are found to be
consistent, within uncertainties, with the standard model background predictions. Upper limits are set on resonant
and nonresonant production and constrain the parameter space of the minimal supersymmetric standard model
and anomalous Higgs boson couplings. The observed and expected upper limits are about 30 and 25 times the
standard model prediction respectively, corresponding to one of the most stringent limits set so far at the LHC.
Finally, prospects for future measurements of production at the LHC are evaluated by extrapolating the current
results to an integrated luminosity of fb−1 under different detector and analysis performance scenarios.
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Titre : Etude de la variabilité temporelle de l’émission gamma du blazar B2 1215+30 avec
Fermi-LAT et de la Nèbuleuse du Crabe avec le réseau de télescopes H.E.S.S.
Mots clefs : astronomie gamma, Nébuleuse du Crabe, B2 1215+30, nébuleuse du vent pulsar, noyaux actifs de
galaxies, blazars, variabilité du flux, H.E.S.S. expérience, satellite Fermi-LAT
Résumé : Les expériences actuelles en astronomie gamma sont le satellite Fermi-LAT et les expériences au sol tel que H.E.S.S., VERITAS
et MAGIC. La surveillance des sources d’énergie très élevées indique une physique diversifiée. Afin d’étudier la forme la plus énergétique
de ra- diation et les phénomènes les plus violents qui se déroulent dans l’Univers, l’analyse des sources individuelles est importante. Les
BL Lac, un type de galaxie active, constituent la classe de source extragalactique la plus abondante détecté dans les énergies du GeV au
TeV, tandis que le nébuleuses de vent de Pulsar sont la classe la plus peuplée dans le plan galactique. Ces deux types de sources ont des
émissions variables de rayons gamma.

Dans cette thèse, la variabilité de l’objet BL Lac B2 1215 + 30 est étudiée avec les données du satellite Fermi-LAT. Une grande variation
de flux, détectée par Fermi-LAT en février 2014, est simultanée avec un éruption très lumineux observé au TeV par l’expérience VERITAS.
En collaboration avec la collaboration VERITAS, la variabilité du flux de rayons gamma a été utilisée pour établir des contraintes sur la
taille de la région d’émission et sur le facteur Doppler. La variabilité à long terme, en utilisant près de neuf ans de données de Fermi-LAT
de 100 MeV jusqu’à 500 GeV, a permis de détecter plusieurs flares. L’étude de la variabilité du flux indique un comportement quasi
périodique avec une période de 1083± 32 jours.

Ensuite, la variabilité du flux de l’un des objets les plus étudié, la Nèbuleuse du Crabe, au TeV est étudiée avec dix ans d’observation
de l’expérience H.E.S.S. Le spectre de la nébuleuse du crabe est mesuré de 280 GeV jusqu’à 62 TeV. Ceci est la première mesure qui
s’étend à ces très hautes énergies. Considérée comme une “chandelle standard” en astronomie gamma, la nébuleuse du crabe est une
source utilisée pour l’étalonnage et l’étude des instruments. L’observation de variations du flux au GeV par le satellite Fermi-LAT a
par conséquent été une découverte inattendue. Ces variations de flux au GeV ont motivé la recherche de variations de flux au TeV en
utilisant les données de l’expérience H.E.S.S. La position de la nébuleuse de crabe dans l’hémisphère nord et la localisation de H.E.S.S.
en Namibie rendent cette enquête complexe en raison des importantes erreurs systématiques introduites par des conditions d’observation
non optimales. Le travail sur la nébuleuse du crabe montre que la prise en compte de la transparence atmosphérique pour l’étude de
l’évolution du flux avec le temps résulte en une réduction des effets systématiques. Aucune variation de flux n’a été observée à des
énergies supérieures à 1 TeV dans les données de H.E.S.S. I. Une autre variation de flux au GeV signalée par le Fermi-LAT en octobre
2016 par télégramme astronomique, a été étudiée avec H.E.S.S. II. Cette analyse a montré que le GeV éruption a duré pendant un mois,
et le flux avec H.E. S. S. a une variance excessive de 15%. Cela devrait être comparé à l’incertitude systématique de 20% fréquemment
citée par H. E. S. S.

Title : Gamma-ray flux variation studies from the blazar B2 1215+30 with the Fermi-LAT and
the Crab Nebula with the H.E. S. S. experiment
Keywords : gamma-ray astronomy, Crab Nebula, B2 1215+30, pulsar wind nebula, active galactic nuclei, blazar,
gamma-ray flux variability, H.E.S.S. experiment, Fermi-LAT satellite
Abstract :

The current state-of-the-art experiments in gamma-ray astronomy are the Fermi-LAT in space and the ground-based H.E. S. S., VERITAS
and MAGIC experiments. The monitoring of the very-high-energy gamma-ray emitting sources indicates the diverse physics taking place
in astrophysical environments. To study the most energetic form of radiation and the most violent phenomena taking place in the
Universe, individual source analyses are important. BL Lac objects, a subcategory of active galaxies, are the most abundant source class
detected both in the GeV and TeV energies, while pulsar wind nebulae represent the most numerous identified source class in the galactic
plane. Both source classes exhibit gamma-ray flux variations.

In this thesis, the gamma-ray variability of the BL Lac object B2 1215+30 is presented with Fermi-LAT data. A bright flare, with 16 times
the average quiescent flux, was detected in February 2014. In collaboration with the VERITAS experiment, the gamma-ray variability
was investigated over five decades in energy. This work resulted in the detection of a luminous flare, seen simultaneously in GeV and
TeV energies by both instruments. These results were used to set constraints on the size of the emission region and on the Doppler factor
of the relativistic jet. Additionally, the long-term variability was studied using nine years of Fermi-LAT data. This brought out new
flux enhancements, which characterize the long-term lightcurve from 100 MeV up to 500 GeV. Other striking characteristics are a steady
linear increase of the yearly average flux, together with a hardening of the spectral index. The investigation of the lightcurve indicates
a hint of quasi-periodic behavior with a period of around 1083± 32 days.

This work includes spectrum and flux variability studies for the well-studied but ever-surprising Crab Nebula at TeV energies with more
than a decade of H. E. S. S. observations. The spectrum measured in this work goes from 280 GeV to 62 TeV, making this the first
measurement that extends to such very-high-energies. Considered as a standard candle for ground-based gamma-ray astronomy, the
Crab Nebula is also used for calibration and instrument studies. The detection of GeV flares by the Fermi-LAT were unexpected and
motivated the search of flux variations at TeV energies with the H.E. S. S. experiment. The position of the Crab Nebula in the northern
hemisphere makes this investigation challenging due to the large systematic uncertainties introduced by the non-optimal observation
conditions. This work showed that the systematic uncertainties can be reduced by taking into account the atmospheric transparency.
No flux variations were found at energies above 1 TeV from the H.E. S. S. I data. A flare reported by the Fermi-LAT in October 2016
was also investigated. This analysis showed the GeV flare lasting for one month, while the flux with H.E. S. S. II had an excess variance
of 15%. This should be compared to the commonly quoted 20% systematic uncertainty by H.E. S. S. experiment.
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bbτ+τ− avec le détecteur CMS auprès du LH
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Résumé : Cette thèse présente une recherche pour la production de paires de bosons de Higgs ( ) en utilisant
les données de collisions proton-proton à

√
s = TeV enregistrées avec l’expérience CMS auprès du LHC au

CERN. Les évènements avec les deux bosons de Higgs se désintégrant en une paire de quarks b et de leptons τ
( bbτ τ−) sont utilisés pour l’exploration des mécanismes de production résonante et non-résonante. La
production de donne accès à l’auto-couplage trilińeaire du boson de Higgs et pourrait révéler la présence de
physique au-delà du modèle standard.
Un effort important a été consacré au développement d’un algorithme pour la reconstruction des leptons τ se désin-
tégrant en hadrons (τ h) et un neutrino au sein du déclenchement calorimétrique de premier niveau de l’expérience.
Ceci a été amélioré pour faire face à l’augmentation de l’énergie dans le centre de masse et de la luminosité instanta-
née de collisions au Run II du LHC. L’algorithme se fonde sur une technique avancée de regroupement dynamique de
l’énergie et utilise des critères dédiés pour la réduction du bruit de fond. Sa structure, son optimisation, sa mise en
place, la vérification de son fonctionnement pour le redémarrage à 13 TeV au LHC, et la mesure de sa performance
sont présentés ici. Cet algorithme est un élément essentiel dans la recherche de la production .
L’investigation du processus bbτ τ− utilise les trois canaux de désintégration du système τ τ− avec au
moins un τ h dans l’état final. La sélection et la catégorisation des évènements sont conçues pour optimiser la
sensibilité de la recherche, et des techniques d’analyse multivariée sont mises en place pour distinguer le signal du
bruit de fond. Les résultats sont présentés en utilisant une luminosité intégrée de . fb−1. Ils sont compatibles,
compte tenu des incertitudes expérimentales, avec les prédictions du modèle standard pour les bruits de fond. Des
limites supérieures à la production résonante et non-résonante de HH sont évaluées et permettent de contraindre
l’espace des paramètres du modèle standard supersymétrique minimal et les couplages anormaux du boson de Higgs.
Les limites supérieures observées et attendues correspondent respectivement à environ 30 et 25 fois la prédiction
du modèle standard, et représentent l’un des résultats les plus sensibles à la production de HH jamais atteints au
LHC.
Les perspectives pour l’observation de la production de HH au LHC sont enfin discutées. Les résultats actuels sont
extrapolés pour une luminosité intégrée de fb−1 en considérant différentes hypothèses pour la performance du
détecteur et de l’analyse.

Title : Search for Higgs boson pair production in the bbτ+τ− decay channel with the CMS detector
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Abstract : This thesis describes a search for Higgs boson pair ( ) production using proton-proton collision data
collected at

√
s = TeV with the CMS experiment at the CERN LHC. Events with one Higgs boson decaying into

two b quarks and the other decaying into two τ leptons ( bbτ τ−) are explored to investigate both resonant
and nonresonant production mechanisms. production gives access to the Higgs boson trilinear self-coupling and
is sensitive to the presence of physics beyond the standard model.
A considerable effort has been devoted to the development of an algorithm for the reconstruction of τ leptons
decays to hadrons (τ h) and a neutrino for the Level-1 calorimeter trigger of the experiment, that has been upgraded
to face the increase in the centre-of-mass energy and instantaneous luminosity conditions expected for the LHC
Run II operations. The algorithm implements a sophisticated dynamic energy clustering technique and dedicated
background rejection criteria. Its structure, optimisation and implementation, its commissioning for the LHC restart
at TeV, and the measurement of its performance are presented. The algorithm is an essential element in the search
for production.
The investigation of the bbτ τ− process explores the three decay modes of the τ τ− system with one or
two τ h in the final state. A dedicated event selection and categorisation is developed and optimised to enhance
the sensitivity, and multivariate techniques are applied for the first time to these final states to separate the
signal from the background. Results are derived using an integrated luminosity of . fb−1. They are found to be
consistent, within uncertainties, with the standard model background predictions. Upper limits are set on resonant
and nonresonant production and constrain the parameter space of the minimal supersymmetric standard model
and anomalous Higgs boson couplings. The observed and expected upper limits are about 30 and 25 times the
standard model prediction respectively, corresponding to one of the most stringent limits set so far at the LHC.
Finally, prospects for future measurements of production at the LHC are evaluated by extrapolating the current
results to an integrated luminosity of fb−1 under different detector and analysis performance scenarios.
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