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Abstract

In this thesis, I present the first detailed study of the performance of the MAGIC Telescopes
during observations at large zenith angles. These observations provide a better sensitivity
of the instrument to gamma-ray emission with energies of tens of TeV and enable the
extension of the observable energy range up to 100 TeV. Studying gamma-ray emitting
sources in this energy range with the good angular resolution and precision in the energy
estimation that Imaging Atmospheric Cherenkov Telescopes (IACTSs) can provide is crucial
for understanding the origin of Galactic Cosmic Rays (CRs).

From CRs studies, the existence of sources inside the Milky Way Galaxy, that are capable
of accelerating atomic nuclei to energies of at least a few PeV, is expected. These sources
of unknown nature are referred to as PeVatrons. In the interactions with their environment
the accelerated nuclei produce gamma rays with energies of tens of TeV to several PeV,
the detection of which allows to identify the location of their production site. Recent
observations from air shower arrays have identified sky regions exhibiting emission beyond
100 TeV. Their limited capability of spatially resolving the details of the emission, however,
in most cases does not allow to firmly identify the nature of the underlying astrophysical
object. The Crab Nebula is exceptional in this regard. It is a well-studied source across
the electromagnetic spectrum and was recently detected at energies beyond 1PeV. It is
the brightest persistent source in the gamma-ray sky and is used to calibrate gamma-ray
telescopes and to characterize their performance.

For this thesis, I have analyzed a large set of data taken on the Crab Nebula with MAGIC
at zenith angles between 50 and 80 . Using these data, as well as Monte Carlo (MC)
simulations, I have studied the quantities that characterize the performance of the MAGIC
Telescopes. I have evaluated their dependence on the zenith angle, the azimuth direction,
and energy and have identified new systematic effects which only become apparent at large
zenith angles. I have evaluated the differential flux sensitivity of MAGIC for large and
very-large zenith angle observations up to 70 TeV in estimated energy and reconstructed
the Crab Nebula spectral energy distribution (SED) up to 100 TeV. My study shows that
the performance of the MAGIC Telescopes is stable up to zenith distance (Zd) 75 and
identifies the separation of gamma-ray signal events from the hadronic background as the
main limitation of the performance. An evaluation of the flux variability further shows the
stability of the observations over time and provides a sensitivity to potential intrinsic flux
variations of the Crab Nebula. The results presented in this thesis demonstrate the promising
potential of MAGIC to contribute to the identification of Galactic PeVatrons and serve as a

valuable reference for the planning of future observations of PeVatron candidate sources.






Zusammenfassung

In dieser Dissertation prasentiere ich die erste detaillierte Untersuchung der Leistungs-
fahigkeit der MAGIC-Teleskope wahrend Beobachtungen bei grofen Zenitwinkeln. Diese
Beobachtungen ermoglichen eine hohere Empfindlichkeit des Instruments fiir Gammas-
trahlung mit Energien von einigen Dutzend TeV und erlauben die Erweiterung des beobacht-
baren Energiebereichs bis zu 100 TeV. Die Untersuchung von Gammastrahlenquellen in
diesem Energiebereich mit der hohen Winkelauflésung und der prézisen Energieabschétzung,
die bodengebundene Cherenkov-Teleskope bieten, ist von entscheidender Bedeutung fiir das
Verstéandnis des Ursprungs der galaktischen kosmischen Strahlung.

Die Forschung zu kosmischer Strahlung legt die Existenz von Quellen innerhalb der
Milchstrafe nahe, die in der Lage sind, Atomkerne auf Energien von mindestens einigen PeV
zu beschleunigen. Diese Quellen unbekannter Natur werden als PeVatrons bezeichnet. In
Wechselwirkungen mit ihrer Umgebung erzeugen die beschleunigten Kerne Gammastrahlen
mit Energien von einigen Dutzend TeV bis hin zu PeV. Deren Detektion erméoglicht die
Lokalisierung der Produktionsstétten dieser hochenergetischen Strahlung. Jiingste Beobach-
tungen mit Luftschauer-Detektoren haben Himmelsregionen mit Emissionen oberhalb von
100 TeV identifiziert. Aufgrund ihrer begrenzten Fahigkeit, die Emissionsregionen rdumlich
aufzulosen, ist es jedoch in den meisten Féllen nicht moglich, die Natur der zugrunde
liegenden astrophysikalischen Objekte eindeutig zu bestimmen. Eine Ausnahme stellt der
Krebsnebel dar. Er ist eine gut untersuchte Quelle iiber das gesamte elektromagnetische
Spektrum hinweg und wurde kiirzlich bei Energien iiber 1PeV detektiert. Als die
hellste bestiandige Quelle am Gammastrahlenhimmel dient er sowohl zur Kalibrierung von
Gammastrahlenteleskopen als auch zur Charakterisierung ihrer Leistung.

Im Rahmen dieser Arbeit habe ich einen umfangreichen Datensatz von Beobachtungen des
Krebsnebels mit MAGIC bei Zenitwinkeln zwischen 50 und 80 analysiert. Basierend auf
diesen Daten sowie auf MC-Simulationen habe ich die Leistungscharakteristika der MAGIC-
Teleskope untersucht. Ich habe deren Abhéngigkeit von Zenitwinkel, Azimutrichtung
und Energie evaluiert und dabei neue systematische Effekte identifiziert, die erst bei
groffen Zenitwinkeln sichtbar werden. Zudem habe ich die differentielle Fluss-Sensitivitat
von MAGIC fiir Beobachtungen bei grofien und sehr grofsen Zenitwinkeln bis zu einer
geschitzten Energie von 70 TeV bestimmt und das Energiespektrum des Krebsnebels bis
zu 100 TeV rekonstruiert. Meine Untersuchung zeigt, dass die Leistungsfihigkeit der
MAGIC-Teleskope bis zu einem Zenitwinkel von 75 stabil bleibt, wobei die Unterscheidung
von Gammastrahlen-Signalen vom hadronischen Untergrund die Hauptbegrenzung der
Leistungsféhigkeit darstellt. Eine Analyse der Flussvariabilitédt bestétigt zudem die Stabilitét
der Beobachtungen iiber die Zeit hinweg und liefert eine Abschétzung der Sensitivitat fiir
mogliche intrinsische Fluktuationen des Krebsnebel-Flusses.

Die in dieser Dissertation prasentierten Ergebnisse demonstrieren das vielversprechende



Potenzial von MAGIC zur Identifikation galaktischer PeVatrons und liefern eine wertvolle

Referenz fiir die Planung zukiinftiger Beobachtungen von PeVatron-Kandidaten.
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Chapter 1

Introduction

In 1912, one man setting out to study ionizing radiation, which was believed to originate
from Earth, ended up taking measurements that lay the basis for an entirely new eld of
research: astroparticle physics. Viktor Hess had launched several balloon ights in order to
study the nature of this mysterious radiation previously discovered in laboratory experiments
on the ground. He expected the number of ionizing particles to decrease as his balloons were
ascending, instead he found the opposite behavior. With higher altitudes, the signal rates
increased, which nally led him to conclude that this radiation must reach the Earth's
atmosphere from outer space. These experiments are today referred to as the discovery of
Cosmic Rays (CRs).

This cosmic radiation has been studied in increasing detail ever since its discovery. We have
come to understand that the radiation Viktor Hess was detecting was comprised of secondary
particles produced in the interactions of highly energetic atomic nuclei with the Earth's
atmosphere. Thanks to a variety of instruments studying CRs over the last decades, we have
detected them across a large energy range and have measured their energy-dependent ux
and composition. The vast majority of astrophysical particles reaching the Earth are charged
particles, 90% of which are protons. Since charged particles are de ected by magnetic
elds, CRs measured at Earth can not be traced back to their source of origin. Even now,
more than 100 years after the discovery of CRs, their origin is not well understood. Basic
considerations have led to the consensus that the cosmic rays we detect up to energies of a few
PeV, the so-calledknee of the cosmic ray energy spectrum, are accelerated in sources within
the Galaxy, whereas extragalactic sources are assumed to be responsible for acceleration
to higher energies. Which exact sources and physical mechanisms therein produce highly
energetic CRs is, however, unknown to this day. A much smaller fraction of cosmic radiation
consists of gamma rays and neutrinos. What the latter lack in number density, they make up
in the importance of understanding the origin of their charged counterparts. In contrast to
charged particles, cosmic neutrinos and gamma rays travel in straight lines to the observer
and are produced in the interactions of CRs with each other or the ambient medium. Finding
their sources and understanding the processes and environment in which they are produced
can provide important insights into the mechanisms that accelerate CRs to the observed
energies. Figure 1.1 illustrates the interplay of these di erent cosmic messengers in the eld
of astroparticle physics.

The extremely small cross-section of neutrinos allows them to propagate through space
nearly unabsorbed but, at the same time, poses a large challenge in their detection. Until
now, only two sources of astrophysical neutrinos have been identi ed with acceptably high
signi cance: TXS 0506+056 [115, 116] and NGC 1068 [114]. Large-scale di use neutrino
emission has been detected from the Galactic Plane of the Milky Way Galaxy [113]. Gamma
rays are easier to detect, either by satellite-borne experiments or ground-based telescopes,
and numerous sources of gamma rays have been detected. The latest catalog of the Large
Area Telescope onboard the Fermi Gamma-ray Space Telescope (Fermi-LAT), which is most
sensitive to high-energy (5MeV < E <50 GeV) (HE) gamma rays and can detect emission
up to 300 GeV, contains close to 7200 sources [40]. The TeVCat catalog containing very-
high-energy (50GeV < E < 100 TeV) (VHE) gamma-ray emitting sources currently has
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Figure 1.1: A sketch illustrating the eld of astroparticle physics. Credit: Juan Antonio Aguilar and
Jamie Yang, IceCube/WIPAC

over 300 entries [183]. The majority of the sources listed in TeVCat have been discovered by
the second generation of Imaging Atmospheric Cherenkov Telescopes (IACTs), the MAGIC,
H.E.S.S., and VERITAS telescopes. IACTs are ground-based detectors which indirectly
observe gamma rays via the Cherenkov radiation emitted by secondary charged patrticles,
that are produced in the interactions of gamma rays with the atmosphere. Satellites, such
as Fermi-LAT can scan the entire sky within a timescale of hours due to their large eld-of-
views (FOVs) providing a large potential for the discovery of new sources. IACTs can only
perform pointed observations but, on the other hand, possess a better angular resolution.
The observation of VHE gamma rays from various sources within and outside the Milky Way
has proven that e cient particle acceleration can take place, for example, in the relativistic
jets of Active Galactic Nuclei (AGN) or in the shock fronts produced by fast-expanding
material interacting with the interstellar medium (ISM).

However, one long-standing assumption still remains to be proven: the acceleration of CRs
to energies around thekneeat 3 PeV in Supernova Remnant (SNR) shocks. While HE
and VHE gamma rays have been detected from these types of sources, their energies fail to
reach the numbers necessary to explain the presence BEV cosmic rays.

The search for sources capable of accelerating CRs to the knee, so-calleelatrons, has
been boosted in recent years by the advent of gamma-ray air shower observatories, such as
HAWC and LHAASO, which are more sensitive to energies of several tens to hundreds of
TeV. Linking gamma-ray signals at these energies to hadronic processes in their source of
origin would prove the existence of PeV CRs. This e ort is, however, not straightforward
since gamma rays can be equally produced via leptonic emission mechanisms, in which
case, they still provide important insight into the processes in astrophysical sources but do
not explain the origin of the hadronic CRs. It is, therefore, of utmost interest to study the
regions in the Galaxy emitting gamma rays around 100 TeV in the greatest possible detalil.
Measurements with high energy resolution are essential to distinguish between leptonic and
hadronic emission mechanisms. Additionally, resolving the energy-dependent morphology of
this emission will help identify its exact localization and, thereby, the nature of its source of
origin. In this context, the eld of VHE gamma-ray astronomy is confronted with a trade-
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