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Zusammenfassung

Das Gebiet der Gammastrahlungsastronomie hat ein neues Fenster in das nicht-thermische Uni-
versum gedffnet, welches erlaubt, die Beschleunigungsorte der kosmischen Strahlung und ihrer
Rolle in evolutionaren Prozessen in Galaxien zu untersuchen. Der Nachweis von fast einhundert
sehr hochenergetischen Gammastrahlungsquellen in unserer Milchstral3e zeigt, dass Teilchen-
beschleunigung bis in den zweistelligen TeV-Energiebereich ein haufiges Phanomen ist. Dartiber
hinaus hat der Nachweis von sehr hochenergetischer Gammastrahlung von anderen Galaxien
bestatigt, dass die kosmische Strahlung nicht ausschlieBlich in der MilchstraBe beschleunigt
wird. Die rasante Entwicklung der Gammastrahlungsastronomie in den letzten zwei Jahrzehnten
filhrte zu einem Ubergang von der Detektion und Untersuchung einzelner Quellen hin zu Quell-
populationsstudien. Um die Frage zu beantworten, ob die Quellpopulationen hochenergetischer
Gammastrahlung in der MilchstraB3e einzigartig sind, sind Beobachtungen von anderen Galaxien
erforderlich, fir die es mdglich ist, trotz ihrer Entfernung, einzelne Quellen aufzulésen. Die Ma-
gellanschen Wolken, zwei Satellitengalaxien der MilchstraBBe, sind solche Galaxien, welche im
letzten Jahrzehnt durch das H.E.S.S.-Experiment intensiv beobachtet wurden. In dieser Arbeit
werden die Daten von insgesamt 450 Stunden H.E.S.S.-Beobachtungen der GroBen Magellan-
schen Wolke und der Kleinen Magellanschen Wolke vorgestellt. Wahrend der Analyse der Da-
tensatze wird besonderer Wert auf die Evaluierung der systematischen Unsicherheiten des Ex-
periments gelegt, um eine unverfélschte Flussabschatzung der potentiellen hochenergetischen
Gammastrahlungsquellen der Magellanschen Wolken zu gewéhrleisten. Die detaillierte Analyse
der Beobachtungen fiihrte zur Detektion hochenergetischer Gammastrahlung des Binarsystems
LMC P3 in der Gro3en Magellanschen Wolke und erh6ht somit die Anzahl der detektierten Gam-
mastrahlungsquellen in dieser Galaxie auf vier. Dieses neuentdeckte Bindrsystem ist das bisher
leuchtstarkste in der Quellklasse der Gammastrahlungsbinarsysteme. Fiir keine andere Quelle
in den Magellanschen Wolken wird hochenergetische Gammastrahlung nachgewiesen und es
werden Obergrenzen auf den integralen Fluss ermittelt. Diese Flussobergrenzen werden ver-
wendet, um Populationsstudien auf der Grundlage bekannter hochenergetischer Quellklassen
sowie bestehender Quellkataloge anderer Wellenlangen durchzufiihren. Ein systematischer Ver-
gleich zwischen den Quellpopulationen der Magellanschen Wolken und der MilchstraBe ergab,
dass keine andere Quelle der Magellanschen Wolken so leuchtstark ist wie die leuchtstarks-
te hochenergetische Gammastrahlungsquelle in der LMC: der Pulsarwindnebel N 157B. Des
Weiteren ist ein Drittel der untersuchten Quellpopulation der Magellanschen Wolken weniger
leuchtstark als die vier bekannten Gammastrahlungsquellen in der Gro3en Magellanschen Wol-
ke. FUr einige wenige Quellen kann gezeigt werden, dass sie weniger leuchtstark sind als die
leuchtstarksten Objekte in der MilchstraBe, deren Leuchtkraft um mehr als eine GréBenordnung
schwécher ist als die der detektierten Quellen in der Gro3en Magellanschen Wolke. Basierend
auf den Flussobergrenzen werden Unterschiede in den Quellpopulationen der Magellanschen
Wolken und der Milchstra3e sowie die Bedeutung der Quellumgebungen diskutiert.






Abstract

The field of y-ray astronomy opened a new window into the non-thermal universe that allows
studying the acceleration sites of cosmic rays and the role of cosmic rays on evolutionary pro-
cesses in galaxies. The detection of almost one hundred Galactic very-high-energy (VHE:
0.1 —100TeV) y-ray sources in the Milky Way demonstrates that particle acceleration up to
tens of TeV energies is a common phenomenon. Furthermore, the detection of VHE vy rays
from other galaxies has confirmed that cosmic rays are not exclusively accelerated in the Milky
Way. The rapid development of y-ray astronomy in the past two decades has led to a transition
from the detection and study of individual sources to source population studies. To answer the
question, whether the VHE vy-ray source population of the Milky Way is unique, observations
of galaxies, for which individual sources can be resolved, are required. Such galaxies are the
Magellanic Clouds, two satellite galaxies of the Milky Way, which have been surveyed by the
H.E.S.S. experiment in the last decade. In this thesis, data from a total of 450 hours of H.E.S.S.
observations towards the Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC)
are presented. During the analysis of the data sets, special emphasis is put on the evaluation
of systematic uncertainties of the experiment in order to assure an unbiased flux estimation of
the potential VHE vy-ray sources of the Magellanic Clouds. A detailed analysis of the survey data
revealed the detection of the y-ray binary LMC P3, the most powerful y-ray binary known so far,
that is located the LMC, and thus, increases the number of known VHE y-ray sources in the
LMC to four. No other VHE y-ray source is detected in the Magellanic Clouds and integral flux
upper limits are estimated. These flux upper limits are used to perform a source population study
based on known VHE source classes and existing multi-wavelength catalogues. A comparison
of the source populations of the Magellanic Clouds and the Milky Way revealed that no other
source in the Magellanic Clouds is as bright as the most luminous VHE 7-ray source in the LMC:
the pulsar wind nebula N 157B, and that one-third of the source population of the Magellanic
Clouds is less luminous than the other known VHE y-ray sources in the LMC. For only a couple
of sources luminosity levels of Galactic VHE sources, that are more than one order of magnitude
fainter than the detected sources in the LMC, are constrained. Based on the flux upper limits,
differences on the TeV source populations in the Magellanic Clouds and the Milky Way as well
as the importance of the source environments will be discussed.
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Chapter 1

Introduction

The thermal radiation in the universe has been explored by the field of classical astronomy for
centuries. In contrast, studies of the non-thermal phenomena describing radiation originating
from relativistic cosmic rays only started in the last century with the discovery of cosmic rays by
Victor Hess in 1912 [1]. Observations of cosmic rays suggest that they are distributed throughout
the Milky Way and that a significant fraction of the total energy content in the Galaxy is contained
in non-thermal particles. Interactions of cosmic rays with the interstellar medium (ISM) lead to
plasma instabilities as well as cosmic-ray feedback through magnetic field amplifications. Fur-
thermore, cosmic rays add a significant pressure to the ISM and thus are believed to play a
significant role in star and galaxy formation mechanisms [2, 3]. The origin of cosmic rays is a
key question in the field of astroparticle physics. As cosmic rays consist of charged particles,
i.e., 99% hadrons (protons, helium and heavier nuclei) and 1% leptons (electrons and positrons),
they are deflected in the solar, Galactic and Extragalactic magnetic fields and hence they lose in-
formation about their origin when travelling through the Universe. To study Galactic acceleration
sites, where particles are accelerated to energies of up to ~ 105 eV, non-charged messengers
are required. When relativistic cosmic rays interact with the ambient medium — for instance
with radiation fields, magnetic fields or surrounding matter of sources — they lose energy via
non-thermal processes (e.g., synchrotron or inverse Compton radiation) that produce photons
over a wide range of frequencies from the low radio to the VHE y-ray regime. While non-thermal
radio and X-ray emission carries information about the leptonic cosmic-ray population tracing
the ambient radiation fields and magnetic fields', y rays can be used to determine whether pre-
dominantly leptonic or hadronic cosmic rays are accelerated in a certain source. Furthermore,
Y rays provide information on the maximum energy to which a source can accelerate particles.
The differentiation between leptonic and hadronic cosmic rays as well as the determination of
their maximum energy are of particular interest to solve the standard paradigm for the origin of

Secondary electrons and positrons produced by hadronic cosmic rays can also radiate in X-rays. However, the
emission level is typically lower than that from primary electrons as high particle densities are required.
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Galactic cosmic rays that are believed to have energies of up to ~ 101 Tev (1 PeV).
High-energy (HE, 0.1 — 100 GeV) y-ray observations are performed with space-based experi-
ments. The latest generation of satellites are Fermi, carrying two instruments: the Fermi Large
Area Telescope (Fermi-LAT) [4] and the Fermi Gamma-ray Burst Monitor (Fermi-GBM) [5], and
Astro-rivelatore Gamma a Immagini LEggero (AGILE) [6]. Due to the rapidly decreasing y-ray
flux with increasing energies and the limited size of space-based detection areas, very-high-
energy (VHE, 0.1 — 100TeV) vy rays are indirectly detected by ground-based telescopes using
the atmosphere as a calorimeter. The development and implementation of technological con-
cepts to first measure and extract the y-ray signal of a source paid off in 1989 with the first
detection of a source of VHE 7y rays, the Crab nebula [7].

The field of y-ray astronomy has grown considerably in recent years. While the first and second
generation of imaging atmospheric Cherenkov teleskope (IACT) arrays advanced the establish-
ment of y-ray astronomy as a new field, the third generation of IACT arrays has led to a transition
from the detection and study of individual sources to source population studies, which are com-
mon in the classical fields of astrophysics. VHE 7y-ray sources have been detected everywhere in
the Milky Way and multiwavelength studies have revealed the versatility of TeV source classes.
Between 2004 and 2013 the High Energy Stereoscopic System (H.E.S.S.) conducted a survey of
the Galactic plane at very-high energies, the H.E.S.S. Galactic Plane Survey (HGPS), as shown
in Figure 1.2. The HGPS catalogue contains 78 VHE y-ray sources, including 16 (composite)
supernova remnants (SNRs), 12 pulsar wind nebulae (PWNe), 3 y-ray binaries and a number of
associated but not firmly identified sources, as well as objects with still undetected counterparts
at lower wavelengths (i.e., objects which are TeV bright, but radio/X-ray faint). These observa-
tions, complemented by observations of other IACTSs, thus deliver an ideal basis for source pop-
ulation studies of Galactic particle accelerators. Comprehensive population studies of Galactic
PWNe, SNRs and bow shocks of runaway stars have been performed over the last five years
[8-10] leading to a deeper understanding of the similarities and differences of individual sources
within a source class and the impact of the source environment on particle acceleration and
radiative loss mechanisms. Furthermore, these population studies can reveal information about

the contribution of individual source classes to the energy budget of Galactic cosmic rays.

The question of the uniqueness of the Milky Way and its source population has fascinated as-
trophysicists for centuries. While scientists in classical astrophysical fields have already proven
the universality of physical laws in the entire visible Universe, astroparticle physicists have only
started to explore the non-thermal Extragalactic Universe. The detection of VHE 7y rays from
the starburst galaxies M 82 [12] and NGC 253 [13] confirmed that cosmic rays are not accel-
erated exclusively in the Milky Way. However, the connection between the Galactic population
of VHE vy-ray sources and the "integrated" emission of individual sources, unresolved sources
and interstellar diffuse emission, seen from these galaxies is missing. To answer questions

like i) "Do particle acceleration and interaction mechanisms work in the same way for different
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Figure 1.1: Significance sky map for the integrated VHE y-ray flux above 1 TeV showing the distribution of
VHE vy-ray sources in the Galactic plane. Figure taken from H.E.S.S. collaboration (2018) [11].
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galaxies?", ii) "How efficient are other galaxies in converting energy from stellar sources into
VHE cosmic rays?" or iii) "How important is the environment within a galaxy for the efficiency of
the VHE vy-ray production?" observations of galaxies that are at the same time close enough to
resolve individual sources and distant enough to resolve the "integrated" large-scale emission
are required. These criteria are fulfilled by two satellite galaxies of the Milky Way: the Small
Magellanic Cloud (SMC) and the Large Magellanic Cloud (LMC). Both Magellanic Clouds are
well-studied over the observable electromagnetic spectrum. Studies indicate that both galaxies
underwent recent episodes of enhanced star formation [14—18] leading to the formation of young
stellar populations, which are the progenitors of many identified VHE 7y-ray sources. Surveys of
non-thermal radio and X-ray emission revealed that cosmic rays are indeed accelerated to rela-
tivistic energies in individual sources of the Magellanic Clouds (e.g. [19—22]) and the detection
of diffuse HE y-ray emission as seen by Fermi-LAT confirmed that cosmic rays are at least ac-
celerated to tens of GeV energies.

With its location in the Southern Hemisphere, the H.E.S.S. array is ideally suited to conduct a
survey of the Magellanic Clouds. The first targeted observations of the Tarantula nebula region in
the LMC, which were performed between 2005 and 2013, revealed significant VHE y-ray emis-
sion from three sources: a SNR, a PWN and a superbubble [23]. To study the entire source
populations of the Magellanic Clouds, H.E.S.S. performed a survey of the SMC and LMC be-
tween 2014 and 2019. In this thesis, data from a total of 450 h of H.E.S.S. observations towards
the LMC and the SMC are presented. A detailed analysis of the survey data is performed to
study the VHE y-ray source populations of the Magellanic Clouds and how they compare to the
VHE 7-ray source populations of the Milky Way. Differences between the VHE y-ray source pop-
ulations in the Magellanic Clouds and the Milky Way as well as the importance of the source
environments will be discussed.

This thesis is structured as follows: In Chapter 2 the H.E.S.S. experiment and the general work
principle of IACTs are introduced followed by the data analysis technique and a discussion of
systematic uncertainties in the Magellanic Clouds data sets in Chapter 3. The theoretical back-
ground of the VHE 7y-ray source classes that are investigated in this thesis is given in Chapter
4. The H.E.S.S. survey of the Magellanic Clouds including the analysis and results of the survey
data is described in Chapter 5. Finally, in Chapter 6 the results of the different source popula-
tions in the LMC and SMC are compared to those of the Milky Way and the impact of physical
properties of the source populations and the source environment are discussed.

2https://www.noao.edu/outreach/press/pr06/pr0601.html
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XMM-Newton (

XMM-Newton

Figure 1.2: Optical and X-ray images of the Magellanic Clouds. upper left: LMC observed in five wave-
length bands: emission lines of hydrogen (Ha), double-ionized oxygen ([O Il]), and single-ionized sulphur
([S 1)), plus red and green continuum bands. Image Credit: C. Smith, S. Points, the MCELS Team and
NOAO/AURA/NSF2. upper right: XMM-Newton survey of the LMC in three wavelength bands. Image
Credit: [21]. lower left: Same as upper left figure, but for the SMC. Image Credit: F. Winkler/Middlebury
College, the MCELS Team, and NOAO/AURA/NSF2. Jower right: XMM-Newton survey of the SMC in
three wavelength bands. Image Credit: [21].
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The H.E.S.S. Experiment

H.E.S.S.— the High Energy Stereoscopic System — is one of the current generation of ground-
based IACTs which measure VHE 7 rays to search for the acceleration sites of cosmic rays in
the Universe. Although the Earth’s atmosphere is opaque to (very-)high energy v rays, interac-
tions with atoms and molecules in the air induce electromagnetic particle cascades which emit
Cherenkov light. Therefore, IACTs like H.E.S.S. detect y rays indirectly by making use of the
imaging atmospheric Cherenkov technique. As interactions of cosmic rays with the atmosphere
also lead to particle cascades that emit Cherenkov light, the sensitivity of IACTs is determined
by their capability to reject the cosmic ray background. In this chapter, the main work princi-
ple of IACTs is described in Section 2.1 followed by an introduction to the H.E.S.S. experiment
including the technological as well as the observational concept in Section 2.2.

2.1 Imaging Atmospheric Cherenkov Technique

The spectra of astronomical sources peak at energies far below the VHE regime, so the VHE

2571 at energies above 1 TeV; this requires detectors

y-ray flux is often as low as ~ 107" m~
with very large collecting areas. In addition, at these high energies, the y rays have low inter-
action probabilities and therefore require large amounts of interacting material in order to be
detected. For these reasons, ground-based IACTs detect VHE v rays indirectly, making use of
the atmosphere as a calorimeter. Highly energetic photons enter the atmosphere and interact
with the atmospheric material to produce a shower of secondary particles that emit Cherenkov
light. When the Cherenkov photons reach the ground, these short flashes of photons get col-
lected by large mirrors and are focussed onto a fast optical camera. The recorded images of
the cameras are then used to reconstruct the information about the primary y ray and its cosmic

origin. The detection principle of IACTs is described in more detail in the following subsections.
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2.1.1 Air Showers

When a cosmic ray hits the Earth’s atmosphere, it interacts with the atmospheric nuclei and
produces a cascade of secondary particles called an extensive air shower (EAS). An electro-
magnetic EAS, induced by a VHE v ray, is driven by two alternating processes: pair production
and Bremsstrahlung. An incident photon undergoes pair production in the Coulomb field of an
atmospheric nucleus. The resultant electron-positron pair emits part of their energy as photons
via Bremsstrahlung, which will again undergo pair production. The number of secondary par-
ticles grows exponentially as the shower develops in the atmosphere until the shower reaches
its maximum, at which point the number of secondary particles is proportional to the energy of
the primary 7y ray. The shower maximum is reached when the energy of the emitted photons be-
comes less than 1022 MeV, which is the minimum energy needed to create an electron-positron
pair with a rest energy of 511 MeV each, and the energy loss of the secondary particles due
to ionisation and excitation of the atmospheric nuclei is larger than their energy loss due to
Bremsstrahlung.

Besides the highly energetic y rays, also other cosmic rays like electrons, hadrons or heavier
nuclei reach Earth and develop air showers when entering the atmosphere. These cosmic-ray
induced EAS occur 10° times more frequently than y-ray induced EAS. Whereas an electromag-
netic EAS induced by an electron is difficult to distinguish from a y-ray induced EAS, interactions
of hadronic cosmic rays with atmospheric nuclei lead to a variety of secondary particles like
pions, mesons, neutrinos, kaons and muons, which do not appear in non-hadronic EAS. If a
neutral pion (7r0) is produced and decays into two energetic photons, a predominantly electro-
magnetic shower can develop. Due to the diverse shower development, hadronic showers often
produce several branches of electromagnetic EAS which result in a more complex footprint when
observed from the ground. However, hadronic cosmic rays that decay into 7° during their first
interactions with the atmospheric nuclei can produce a y-ray like EAS and hence look like y-ray
induced showers. Figure 2.1 shows a comparison of the longitudinal and lateral extension of
both the y-ray and cosmic-ray induced EAS.

Because they travel through the atmosphere faster than the speed of light in air, the secondary
particles produce Cherenkov light (Cerenkov 1934 [25]). This Cherenkov light is produced when
the energy losses due to ionisation of the atmospheric molecules are approximately equal to the
energy losses due to Bremsstrahlung or pair production. The opening angle of the Cherenkov
light cone, 6, is given by cos(0) = 1/(Bnair), with B = 7 being the particle velocity with respect
to the speed of light and ngj being the refractive index of air. The refraction index of air at an
altitude of 10km, where the number of particles in the shower reaches its maximum, can be
calculated following the barometric formula:
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Figure 2.1: Shown are two simulations of a y-ray induced (left) and proton induced (right) EAS with an
initial energy of 100 GeV. The upper figures show the showers in the x — z plane and the lower figures
show the showers in the x —y plane. For these diagrams, the z axis is along the shower propagation
direction while the x and y axes are perpendicular to the shower direction. Image credit: Johannes Knapp
[24].
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h

Nair () = 1+ Mo e "o

where 1gp = 2.9 X 10~* at an altitude of hy = 7.1 km. The resulting refraction index at an altitude
of 4 = 10km is thus nyr 10km ~ 1,00007. Assuming 8 ~ 1, the resulting opening angle of the
Cherenkov light cone is roughly 0.7°. These Cherenkov light flashes have a typical duration of
10ns. The illuminated area on the ground at the mean altitude of IACTs of 2000 m above sea
level has a diameter of roughly 100 m for a primary 7y ray of about 100 GeV and increases up
to several hundred meters with increasing primary y-ray energy. Cosmic-ray induced EAS lead
in general to even broader footprints on the ground compared to a y-ray induced EAS with the

same energy.

2.1.2 Detection Principle

The weak and short flashes of Cherenkov light are detected by IACTs when they fall within the
Cherenkov light pool. The telescopes are composed of large spherical or parabolic reflectors
with areas of ~ 10> m? that are composed of tessellated mirrors, and a fast optical camera
to read out the signal. The mirrors collect the Cherenkov photons which are then reflected to
the focal plane of the telescope, where the camera is situated. In order to record the short light
flashes the cameras of IACTs consist of an array of light amplifying photo multiplier tubes (PMTs)
that provide the required resolution on a nanosecond time scale. Light collecting Winston cones
are placed in front of the PMTs to reduce the loss of photons due to gaps between the individual
PMTs and to reduce stray light in the camera. The mirrors and Winston cones are optimised to
particularly reflect light in the wavelength range of 300 — 600 nm, which is the typical wavelength
range of Cherenkov light produced by VHE 7 rays interacting with the atmosphere.

The resulting image in the camera represents is a two-dimensional projection of the EAS. The
imaging geometry is schematically illustrated in Figure 2.2. Whereas the length and the width of
the ellipse are determined by the angle under which the shower is observed and the lateral extent
of the EAS, respectively, the position of the shower image in the camera is mainly determined
by the distance between the shower axis and the reflector axis. The orientation of the image
depends on the inclination angle between the shower and the optical axis of the telescope.
While y-ray induced EAS typically lead to elliptical images in the camera due to their rather small
lateral extent, most of the hadron-induced EAS exhibit a more irregular lateral shape resulting
in a more complex shower image in the camera. By considering the geometry of the recorded
shower images a large fraction of the hadron-induced EAS images can be rejected.

One end of the major axis of the camera image points to the origin of the primary y ray in the
sky and the other end towards the impact position of the EAS on the ground. The energy of the
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Figure 2.2: Schematic illustration of the imaging geometry in VHE y-ray astronomy. (a) Mapping of the
EAS into the camera located in the focal plane of the telescope. The image position in the camera is
determined by the distance between shower axis and the reflector axis. (b) The EAS as seen from the
telescope position. The lateral spread of the EAS as well as the distance between the shower and the
telescope affect the width of the camera image. Image taken from [26].

primary ¥ ray can be estimated based on the total intensity of the camera image in combination
with the distance between the telescope and the reconstructed shower impact point. The pres-
ence of multiple telescopes within a Cherenkov light pool provides a stereoscopic view of the
EAS, and significantly improves the geometric reconstruction of the primary photon.

Although the properties of the primary particles can be roughly reconstructed by fundamental
geometric considerations, more advanced techniques are required to improve the reconstruction
of the direction and the energy of the primary particles. The actual image that is produced
by a given particle shower diverges from theoretical predictions due to environmental effects
as well as the non-ideal nature of the detectors. Therefore, to reconstruct the energy of the
primary particle based on the camera shower images, Monte Carlo (MC) simulations are used.
The simulations track the air shower development in the atmosphere and the IACT array, whose
components are simulated based on the real instrument including the mirrors and Winston cones
as well as the camera [27]. A large number of y-ray MC events are generated, covering a broad
range in energy and direction. These MC events are then reconstructed in the same way as
real y rays. Based on these simulations, lookup tables — which compare the properties of the
simulated and reconstructed events — are generated and are used to reconstruct the properties
of a real primary ¥ ray by comparing the properties of the reconstructed event. Using these
MC based lookup tables, the reconstruction of the energy and direction of the primary v ray
is significantly improved compared to the basic reconstruction from geometrical considerations.
The same MC simulations are also used to produce the instrument response functions (IRFs) of
the IACT which are needed for the flux calculation of a y-ray source.
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2.1.3 Sources of Background Noise for IACTs

While y rays can be directly traced back to their source of origin, charged cosmic rays like
electrons, protons or heavier nuclei are deflected in the Intergalactic and Galactic magnetic
fields and therefore lose the information of their specific source location by the time they reach
Earth. Nevertheless, they also produce Cherenkov light and trigger the telescopes, and hence
contribute a significant diffuse background. To separate y-ray induced EAS from the main source
of background, namely, hadron induced EAS, the different shower image profiles as illustrated in
the bottom panels of Figure 2.1 can be used.

In addition to the EASs, single muons or stars emit ultraviolet photons and can add a significant
amount of background. While muons produce a ring-like image in the camera and can thus
easily be identified, the night-sky background due to the low energy ultraviolet photons only
triggers individual PMTs of individual telescopes. By requiring that an event must have been
observed by at least two telescopes, the impact of the night-sky background can be greatly
reduced.

2.2 The H.E.S.S. Experiment

The H.E.S.S. experiment, which is named after the pioneering cosmic-ray physicist and Nobel
price winner Victor Hess (1883-1964), is one of three currently operating air Cherenkov y-ray
experiments. Its location in the Southern Hemisphere makes it particularly suitable for observa-
tions of the Galactic Plane and has led to a significant number of new sources detected in the
VHE 7y-ray regime, laying the foundation for population studies of Galactic sources in the VHE
Y-ray regime. Apart from the Galactic centre, H.E.S.S. is also capable of observing and resolving
sources outside of the Galaxy such as the Magellanic Clouds, two close-by satellite galaxies of
the Milky Way. The analysis of the source populations of the Magellanic Clouds is presented in
this work.

2.2.1 The H.E.S.S. Array

The H.E.S.S. array consists of five IACTs that are located in the Khomas Highland of Namibia
at 1800 m above sea level. The four identical small-sized telescopes (also called CT1-4) were
inaugurated in 2004; each telescope has a mirror diameter of 12 m and the four are placed in a
square with a side length of 120m. The telescope separation is chosen to be roughly the size
of a typical Cherenkov light cone when it reaches the ground, = 100 m, to guarantee a mostly
stereoscopic view of the shower. A fifth, large-size telescope of 28 m diameter (CT5) was inau-
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Figure 2.3: The large-size and four small-sized telescopes of the H.E.S.S. array located in the Khomas
Highlands in Namibia. Figure taken from [28].

gurated in 2012 and is placed in the centre of the array. The array layout of H.E.S.S. is shown in
Figure 2.3. The era between 2004 and 2012 is called H.E.S.S. phase | followed by the H.E.S.S.
phase Il starting with the operation of CT5 in 2012.

The small-sized telescopes are sensitive to VHE 7y rays with energies of ~ 100 GeV - 100 TeV.
Due to its larger size CT5 is more sensitive to low energy y-ray events and is optimised for y-ray
energies of ~30GeV - 10 TeV.

To make full use of the stereoscopic view of the telescope array, an event that triggers CT1-4 is
only read out, if at least two telescopes of the full CT1-5 hybrid array record the event simultane-
ously. In addition, due to the ability of CT5 to image showers from lower energy gamma rays on
its own, monoscopic events (only seen by CT5) can be read out as well.

2.2.2 Technological Concept of the H.E.S.S. Telescopes

All five telescopes consist of two main components: light collecting mirrors that are mounted on
a steel support structure and a camera that is installed at the focal plane of the telescope. The
small-sized CT1-4 telescopes are equipped with 382 round mirror facets with a total mirror sur-
face of 108 m? per telescope, while the larger CT5 consists of 875 mirror facets and has a light
collecting mirror surface of 614 m?Z. The mirrors are held by an Alt-Az mount that can point the
telescope to any position in the sky. The collected Cherenkov light is focussed onto the camera
situated in the focal plane at about 15 m (36 m for CT5) above the mirror-holding dish [29]. Each
camera is composed of 960 (2048 for CT5) light amplifying PMTs, and a light collecting Winston
cone is placed in front of each PMT.

Some loss in performance is expected due to the non-ideal properties of the detector compo-
nents, and must be quantified to properly reconstruct incoming y rays. The optical response
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describes the performance of the mirrors and the Winston cones. A regular mirror alignment
guarantees that the reflected Cherenkov light is focussed into the camera [30]. The mirrors and
Winston cones are optimised for reflecting blue and ultraviolet light, since, on the one hand, the
Cherenkov light peaks at roughly 330 nm on the ground [31] and, on the other hand, the night-sky
background becomes more significant with increasing wavelengths, as shown in Figure 2.4a.

—— Cherenkov spectrum (2200 m)
100 = Night Sky Background spectrum

Arbitrary Units

600 700

500
Wavelength (nm)

(a) (b)

Figure 2.4: (a) Spectral energy distribution for the emitted Cherenkov light (red) at the altitude of the
H.E.S.S. array and the night-sky background (green). The wavelength range for the optimal signal-to-
background ratio is between 300 nm and 600 nm. Figure taken from [31]. (b) Design of the camera of the
small-sized telescopes.

As the H.E.S.S. telescopes are located in the desert in Namibia, swirled dust settles on the
surface of the mirrors and Winston cones leading to a decrease in their reflectivity over time. A
recoating and exchange of the mirrors and Winston cones improves the reflectivity for a short
time and slows down the degradation process. In addition shadowing effects due to the structural
components of the telescopes have to be considered in the MC simulations of the telescopes.
The Cherenkov photons arriving in the PMTs of the camera, which are mapped to pixels, are
converted to photo-electrons (p.e.) and the signal is amplified. The light pulses are integrated
over the typical pulse duration of 16 ns and are digitised. Figure 2.4b shows a camera of one of
the small-sized telescopes.

The purpose of the H.E.S.S. trigger system is to detect y rays while rejecting as much noise as
possible. It operates on two levels: i) on a single telescope level and ii) on a system-wide level.
To reject the random low-energy background events due to the ultraviolet photons from stars, a
minimum number of three neighbouring pixels with an intensity exceeding a pixel threshold of 5.5
p.e. within 1.5 ns is required. Once a telescope fulfils the first trigger criterion, a signal is sent to
a central trigger system, where the multi-telescope coincidence decision is made. The second
trigger level is passed when at least two telescopes are triggered by an event coincidentally
within a trigger time window of ~ 80 ns [32]. However, to make full use of the lower energy
threshold of CT5, the first trigger criterion is sufficient in the case that only CT5 is triggered by an
event. Thus, the array operates simultaneously in stereoscopic and monoscopic modes. With a
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trigger rate of up to 5 kHz close to zenith [33], the typical participation fraction, which describes
the fraction of events being triggered by a certain telescope, of CT5 is > 0.8 [34]. For CT1-4
the participation fraction is significantly lower (< 1) due to the lower stereoscopic trigger rates
of ~ 250 Hz close to zenith, hence most of the triggered events are monoscopic events. If an
event passes both the individual and system-wide trigger criteria it is finally read out and saved
to disk.

During the read-out process — consisting of the multi-telescope event coincidence inquiry, the
PMT pulse integration time, the conversion of the PMT data and the data transfer itself — the
telescopes are kept busy for a certain time and no further event can trigger the telescopes during
this time, known as the deadtime. In the H.E.S.S. phase | era the deadtime for CT1-4 was as high
as ~ 460 us. After an upgrade of the CT1-4 cameras between 2016 and 2017, read-out buffers
and new read-out hardware were installed, leading to a significant reduction of the deadtime of
7 us [35]. The deadtime for CT5 is 15 us [33].

2.2.3 Observations and Calibrations

With a field of view of 5° (CT1-4) and 3.5° (CT5) and a spatial resolution of ~ 0.1°, the H.E.S.S.
array is best suited for targeted observations of individual astrophysical sources. The telescopes
point towards a selected source in the sky, which is tracked over the duration of the observa-
tion as it moves across the sky. Each observation, called an observation run, has a duration
of 28 min, which is chosen to balance the integration time over atmospheric variations and the
minimum exposure needed for a detection of bright sources like the Crab nebula, which is the
standard candle in VHE y-ray astronomy. The observations are mainly performed during moon-
less nights'. To account for background inhomogeneities in the source environment, the sources
are typically observed in wobble mode [36, 37], where the source is observed at four different
camera pointing positions with an offset in Ra and Dec of +£0.7° (£0.5°) for CT1-4 (CT1-5 or
CT5 mono) observations.

The "raw data" that comes from the cameras need to be calibrated to prepare them for the
analysis. This step is necessary as variations in the optical response (e.g., mirror-by-mirror
variations of the reflectivity) as well as in the camera response (e.g., variations in the single
photo-electron response and relative quantum efficiency variations from PMT to PMT) of the
instrument can lead to large uncertainties in the event reconstruction.

The overall optical response of the instrument is measured constantly by studying the Cherenkov
light of single muons hitting the telescopes or the ground nearby. Muons arriving parallel to the
optical axis of the telescope produce well defined ring-like images of Cherenkov light with a

"Recently, H.E.S.S. started to observe under moderate moonlight with a maximum moon fraction of ~ 50%.
The evaluation of the data is ongoing. However, this work only makes use of observations that were taken under
moonless conditions.
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radius, given by the angle of the Cherenkov light and the altitude of the IACTs, and a known
relation between the measured intensity and the muon energy [38]. A change of the optical
response affects directly the measured Cherenkov light intensity in each pixel of the camera and
hence the energy reconstruction of the muon. To calibrate for nightly variations in the optical
response, a correlation coefficient is estimated for each observation based on the continuously

monitored muon rings in the camera.

The camera response is calibrated using two LED systems. A flashing LED in front of the cam-
era is used to measure the single photo-electron response of each PMT. A second LED system,
that provides a uniform illumination across the camera, is installed in the centre of each dish
to monitor the relative quantum efficiency variations of the PMTs as well as different light col-
lection efficiencies of the Winston cones, which cause an inhomogeneity in the camera. These
single-photo-electron and flat-fielding observations are taken regularly under observation-run
conditions.

In addition, each PMT produces an electronic pedestal due to thermal noise inside the PMTs.
The electronic pedestal depends on environmental properties such as the atmospheric temper-
ature and the level of night-sky background. Therefore, electronic pedestal runs are taken with
closed camera lids to turn off the night-sky background to determine the electronic pedestal for
each PMT.

The H.E.S.S. standard calibration procedure is summarised in this paper [39].

After the calibration of the data, an image cleaning procedure using a two-level filter is applied to
all camera images containing a y-like event to further exclude signals in the camera due to night-
sky background photons. As the night-sky background photons typically lead to low intensity
signals in the pixels, only those pixels that measured an intensity of more than 10 p.e. and have
a neighbouring pixel with an intensity of at least Sp.e. (and vice versa) are kept for the event
reconstruction. In addition, isolated pixels with an intensity that is more than 3o away from the
rms of the pedestal value are rejected. In case of a template based event reconstruction (see
Section 3.1.3) cleaning thresholds of 7p.e. and 4 p.e. are used and two rows of pixels around
the selected pixels are kept as well for an improved estimation of the electronic pedestal.
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H.E.S.S. Data Analysis and Systematic
Uncertainties

This chapter focuses on the data analysis of H.E.S.S. observations (Section 3.1) followed by an
investigation of systematic uncertainties in the data sets (Section 3.2). The systematic uncer-
tainties are then evaluated for a sample of bow shocks of runaway stars in section 3.3.

3.1 Data Analysis

The H.E.S.S. data analysis includes multiple steps: a data quality selection, the parametrisation
of the camera images, the event reconstruction and y-hadron separation, the signal extraction
including the estimation of a remaining background, and finally the significance and flux esti-
mation of the measured y-ray emission. All these steps are described in detail in the following
sections.

3.1.1 Data Quality Selection

Varying observational conditions or malfunctioning hardware can affect the quality of the data
and thus increase systematic uncertainties in the event reconstruction. On the one hand, hard-
ware related problems like turned-off camera pixels or unusual trigger rates of single telescopes
during an observation can affect the event reconstruction itself and lead to increased systematic
uncertainties in the estimated source flux and hence in the detection probability. Atmospheric
variations on the other hand affect only the energy reconstruction of the events and hence lead
to increased uncertainties in the reconstructed flux normalisation. Therefore, the data have to
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pass a data quality selection first, before the recorded events are reconstructed. A standard-
ised quality selection is especially important for surveys and population studies with data sets
consisting of several hundred or even more than thousand runs, requiring the same systematics
over the whole data set.

The following set of hardware and atmosphere-related data quality selection criteria are applied
to each data set:

+ The live-time of an observation run is required to be > 10 min to collect sufficient statistics
for determining proper pedestal values of each camera pixel and exclude runs that were
truncated due to hardware problems. Besides hardware problems, other reasons like the
end of the night, an automated target-of-opportunity observation of a transient source or
deteriorating weather conditions can cause a run to get stopped.

» The participation fraction of a small-size telescope has to be > 0.4 (> 0.04 for CT1-5
observations due to higher CT5 trigger rates) and for the large-size telescope > 0.5. A
participation fraction of 0.4 means that each telescope should have triggered on at least
40% of the total number of triggered events. This is equivalent to a mean event multiplicity
of 1.6 assuming that all telescopes have the same trigger rate. If this criterion is not met,
it might be an indication of camera hardware problems.

» The allowed fraction of turned-off pixels due to hardware problems is 12.5% (7%) for CT1-4
(CT5) and the allowed fraction due to turned-off high voltage in the pixels is 5% (4%) for
CT1-4 (CT5). A higher fraction of turned-off pixels significantly affects the event recon-
struction leading to an increase in the systematic uncertainties [40].

+ A maximum mean deviation of 1’ and a maximum rms of 10” on the actual tracking position
(in Azimuth and Altitude) with respect to the nominal tracking position are required to en-
sure a stable tracking and guarantee a small systematic uncertainty on the reconstructed
source position [41].

x The relative fluctuation in the system trigger rate over the entire run is required to be
less than +=30% of the mean trigger rate. A rapidly decreasing trigger rate is an indicator
for worsening atmospheric conditions caused by an increase of dust attenuation or in-
moving haze during the run leading to increased systematic uncertainties on the energy
reconstruction.

* The system trigger rate fluctuation is required to be less than 10% on the time-scale of
minutes. This rejects runs in which, for example, small compact clouds move through the
field of view leading to fluctuations in the trigger rate.

* The atmospheric transparency coefficient has to be in the range of [0.8,1.2] (arbitrary
units, a value of 1 means average atmospheric transparency conditions). The atmospheric
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transparency coefficient is a combined quantity that is estimated based on the telescope
trigger rates, the muon efficiency and the camera gains, and reflects the atmospheric
transparency. A cut on this quantity ensures a data set with stable atmospheric conditions
and hence moderate systematic uncertainties in the energy reconstruction [42].

The first set of criteria (detection criteria, listed with a circle) are typically applied for the purpose
of the detection of a typically new source. If a source is already detected and a spectrum is to be
derived, the spectral criteria (listed with stars) are applied in addition to the detection criteria to
ensure stable y-ray fluxes over the entire data set and hence constant flux normalisations from
run to run. These standard spectral quality cuts are applied to all data sets that are used for this
work unless otherwise stated.

3.1.2 Image Parametrisation

The pioneering method for the reconstruction of the primary 7y ray based on the camera image is
described by Hillas (1985) [43]. The shower images are parametrised by the Hillas parameters
that describe the first and second order moments of the ellipse, as shown in Figure 3.1:

* Length L (semi-major axis) and width W (semi-minor axis) of the ellipse.
» Size A (total image amplitude): sum of pixel amplitudes over shower image.

+ Orientation of the ellipse

Centre of gravity: barycentre of the image amplitudes in the shower image.

Local distance d: angular distance between the centre of gravity and the camera
centre.

Azimuthal angle ¢ of the image main axis with respect to the camera x-axis.

Orientation angle o of the major axis with respect to the image main axis.

The geometry and image amplitude of the shower image are necessary to reconstruct the energy
of the primary particle, while the orientation of the ellipse in the camera determines the origin in
the sky.

Before reconstructing the direction and energy of the primary y-ray event, a set of pre-selection
cuts are applied to all events to guarantee that the showers can be properly reconstructed.
The pre-selection level includes a cut on i) the event multiplicity (at least two telescopes are
required to have recorded the same event) to guarantee a stereoscopic reconstruction of the
event which leads to a significant improvement of the energy and direction reconstruction by
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Figure 3.1: Schematic illustration of the Hillas parametrisation. The camera centre is marked with a cross.
Figure taken from [44].

minimising uncertainties in the reconstruction, ii) a local distance cut that describes the distance
between the centre of gravity of the shower image and the centre of the camera to avoid a
reconstruction of truncated events at the camera edge that may result in a mis-reconstruction
of the event energy and iii) and a cut on the telescope-wise image amplitude on the shower
images to guarantee that the shower image can be properly parametrised. All events that pass
the pre-selection cuts are further reconstructed.

3.1.3 Event Reconstruction

The well established image parametrisation method using the Hillas parameters delivers reliable
results. However, the method is limited in how accurately it can reconstruct the event energy
and direction. The use of MC simulations that are performed over a large range in the parameter
space (i.e., the primary y-ray quantities of energy, zenith angle and impact distance) significantly
improves the event reconstruction. The momenta of the MC event camera-shower ellipses and
their standard deviations can be inferred through the Hillas parametrisation and are related to
the primary MC y-ray quantities. By comparing these MC shower images to real shower images,
the primary ¥ rays can be reconstructed as the parameters of the corresponding MC primary y
rays are known.

This reconstruction method yields an angular resolution of the event direction of ~ 0.1° and
an energy resolution of 15% [45]. Both the angular and the energy resolution degrade with
increasing zenith angles and increasing offsets between the event and the camera centre.

However, this work makes use of the more advanced template-based likelihood fitting method to
reconstruct the energy of the primary y-ray event [46]. The described analysis framework will be
referred to as the IMPACT (Image Pixelwise fit for Atmospheric Cherenkov Telescopes) analysis.
The templates are produced for several bins of a five dimensional parameter space of different
zenith angles, azimuth angles, energy bands, impact distances and heights of shower maxima.
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A large number of MC simulated y-ray induced EASs get traced through the simulated telescope
array and only those Cherenkov photons that would trigger the camera are kept and treated
the same way (as for the Hillas parameter based analysis) as an actual y-ray event. Instead of
saving Hillas parameters in lookup tables, a complete bin averaged image of the shower is kept
(called a template). An example for these templates is shown in Figure 3.2. For the primary
Y-ray energy reconstruction, the Hillas reconstruction is used as a seed, and the corresponding
set of templates with the closest parameters in the 4 dimensional parameter space is chosen
to perform the likelihood fitting. This method yields an improvement of up to 50% at 500 GeV
and 15% at 100 TeV in angular resolution, resulting in a point-spread function (PSF) with radius
0.07° (0.11°) for the CT1-4 (CT5) cameras, and a roughly 50% improvement in energy resolution
compared to the classical Hillas analysis. Further, the energy threshold is reduced from > 1 TeV
(using the Hillas analysis) to 500 GeV at zenith angles of 60° and source offsets of < 2° for
CT1-4, with an even lower energy threshold of 100GeV for lower zenith angles and smaller
source offsets [45, 46]. (A more detailed description of the energy threshold estimation will be
given is Section 3.1.6.) Some adaptations were required to make this template fitting framework
suitable for an analysis of CT5 Mono events, since less information are available in a single
telescope shower image leading to degeneracies in some of the fitted parameters [47]. For CT5
Mono events, the resulting angular resolution is about a factor of 2 worse than for CT1-4 stereo
events of energies of < 2 TeV, at which point shower images start to get truncated at the edge of
the cameras. More importantly, however, the lower energy threshold is reduced to ~ 30 GeV at
zenith angles of < 20°, increasing with increasing zenith angle. The improvement of the lower
energy threshold will be relevant for this work.

Figure 3.2: Shower image template for a 1 TeV primary ¥ ray with an impact distance of 20 m (left) and
100 m (right) at an expected shower maximum of 300 gcm™2. The z-axis units are given in p.e. per square
degree. Figure taken from [46].
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3.1.4 vy-Hadron Separation

After the events have been reconstructed, background rejection procedures select for the y-like
events for the analysis. Due to the more irregular lateral shape of hadron-induced EAS, the
shower images in the camera have a more complex structure than y-ray induced EAS, which
typically exhibit well-defined elliptical shapes. Based on the classical Hillas parameters per tele-
scope image, mean-scaled parameters of the width and length are calculated for each event by
comparing them to the expected shape as determined from MC 7y-ray simulations [45]. Cutting
on these shape parameters yields a rejection of about 90% of all hadron induced EAS.

This work makes use of a more advanced y-hadron separation framework [48]. The sensitiv-
ity of the H.E.S.S. array is improved by up to 45% using this framework, which makes use of
the multivariate analysis technique of boosted decision trees for the y-hadron separation [48].
The boosted decision trees are trained using the MC simulated y rays as signal and observed
off-source events (off-Events) as background. The parameters that are used for the event classi-
fication are the mean reduced scaled width (MSCW) and mean reduced scaled length (MSCL),
the mean reduced scaled width off (MSCWO) and mean reduced scaled length off (MSCLO),
the depth of the shower maximum (Xnyax) and the telescope averaged spread in energy recon-
struction (%E). Based on these parameters a signal-likeliness { is determined for every event
splitting the sample of all events of an observation into two distributions, i.e. the y-like events
and the background events, which is shown in Figure 3.3. Depending on the y-hadron separa-
tion cuts, the background rejection efficiency of all events that pass the pre-selection cuts can be
close to 100% but at the expense of losing most of the y events. Typically a cut on 84% (90%)
y-ray efficiency is chosen with a background rejection of 98% (to be verified') for the y-hadron
separation of CT1-4 (CT5 mono) events [49]. The applied cut on the y-ray efficiency is part of
the post-selection cuts to select y-like events in the H.E.S.S. standard analysis.

The 7y-ray spectra of observed sources vary strongly between different sources and therefore
different sets of cut parameters are generated. This work mainly makes use of the standard cut
parameter set, which is optimised for Crab-like sources with a flux-level of roughly 10% of the
integrated Crab flux. These are suitable for most y-ray sources and should be used if the y-ray
source type is not clearly known. A parameter set with hard cuts is used for weak sources (1%
Crab flux) with spectra extending to = 10 TeV, and a set with loose cuts is optimised for strong
sources (100% Crab) that mainly emit y rays at lower energies [45].

A detailed study of the CT5 performance is ongoing and will be published soon.
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Figure 3.3: Output of the event classification based on the boosted decision tree method for event energies
between 0.5 — 1.0 TeV. The sample of events is separated into y-like events and background events.
Figure taken from [48].

3.1.5 Signal Extraction

~ 98% of the hadron-induced events are rejected by the boosted decision tree based y-hadron
separation. The remaining ~2% of background events are most likely produced by hadronic
cosmic rays, that look like y-ray induced showers. To estimate the irreducible y-like background,
observations are taken "off-source” (i.e., not centred on the source position) and the background
is estimated from the same observation run.

As a first step, when estimating the background, the reconstructed shower directions for all the
Y-like events are filled into a two-dimensional histogram, called a sky map. All observation runs
are processed separately during the analysis and the statistics are added to the final result. In a
second step, on and off regions are defined, where the onregion is a circle with radius O.,; cen-
tred on the source position. The on signal includes all events reconstructed within this on region.
Depending on whether a sky map or a spectrum of the respective source is to be produced, the
background level within the on region is either determined by the Ring Background Model or the
Reflected Regions Background Model. As the instrument and reconstruction dependent accep-
tance for y-like events in the camera strongly varies over the field of view, an accurate knowledge
of the system acceptance is crucial for the background estimation and hence the estimation of
the significance of the signal at the source position.
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Instrument Acceptance

In general, the system acceptance for a given point in the camera field-of-view depends on

* its exact position with respect to the camera coordinate system and its radial distance
to the camera centre. At larger radii, the triggering probability decreases, the y-hadron
separation cuts discard increasingly distorted shower images, and the background event
reconstruction in the camera system becomes less accurate. Therefore, the radial accep-
tance decreases gradually with increasing radius to about 40% of the peak value at an
offset of 2° from the camera centre [45];

+ the zenith and azimuth angle of the observation. EAS of y-ray events observed at large
zenith angles develop their shower maxima at larger distances to the telescope array and
thus start to get truncated before they reach the focus of the telescopes at ~ 10 km height.
Therefore, the camera images of large zenith angle events are smaller compared to low
zenith angle events with the same primary energy. This leads to a decreasing acceptance
of low-energy events with increasing zenith angle. The Earth’s magnetic field adds another
asymmetry in the azimuth angle by deflecting the charged cosmic rays resulting in a shift
of the reconstructed shower direction;

« the date, when the observation was performed. The increasing degradation of the detector
components further decreases the system acceptance;

« variations of the night-sky background, causing inhomogeneities in the camera field of

view.

For Extragalactic sources and most of the Galactic sources (in less populated sky regions), in-
homogeneities due to the night-sky background can be neglected and zenith-angle effects (only)
become important with increasing zenith angles. Therefore, a radially symmetric system accep-
tance is a good approximation. In addition, inhomogeneities in the background are accounted
for by observing the target position in wobble mode in right-ascension and declination and then
estimating the background for every observation position. The analysis framework used for this
work generates one-dimensional acceptance profiles by estimating the number of background
events as a function of the angular distance of the reconstructed event direction with respect to
the camera centre. By rotating the one-dimensional radial acceptance profile, a two-dimensional
acceptance sky map is generated and is used to scale the sky maps in the whole field of view.
The acceptance can be determined either on a run-by-run basis from the observations them-
selves or from archival observations showing no significant y-ray emission in the field of view
(off-runs). Both methods have their advantages and disadvantages. In case of acceptance pro-
files determined from off-runs, lookup tables based on ~ 2000 runs divided in zenith angle bands
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and angular distance bins are produced. Since these off-runs are carefully selected based on
their homogenous background distribution and residual inhomogeneities are averaged out over
the large number of runs, the acceptance profiles are insensitive to run-by-run variations. On the
other hand, although the lookups are available for a variety of combinations in the observational
parameter space, they are integrated over time and hence changes in the detector response are
averaged out, and the acceptance lookups may therefore not reflect the system acceptance of
the data to be analysed. In addition, the event statistics decrease with increasing zenith angle
to about 10% at a zenith angle of 50° with respect to zenith. Both the limited coverage of the
time space and the decreasing statistics at larger zenith angles lead to an increasing uncertainty
if acceptance profiles from lookup tables are applied to observations performed at later times
or at larger zenith angles. For these cases, it is usually more accurate to determine the sys-
tem acceptance based on the observations themselves; exceptions are observations with a high
night-sky-background level or large zenith angle observations of a well populated source region.
Finally, the system acceptance is bound to a specific camera and hence a specific H.E.S.S.
era. Since the installation of the HESSIU cameras in 2016, the number of collected off-runs for
this era is very limited and thus the available statistics are insufficient to produce a robust set
of lookups. Therefore, for all observations that have been taken after the camera upgrade the
acceptance profiles are generated from the data itself.

When determined on a run-by-run basis, the acceptance profile reflects the detector response
for this particular parameter space. Nevertheless, generating acceptance profiles based on a
single run will be less accurate due to the lack of statistics. Another limiting factor is a possible
contamination from another source in the field of view. In case of significant y-ray emission out-
side the region of interest, the region with a significant excess of y-ray events over background
events is excluded from the acceptance determination, leading to a reduced number of back-
ground events in the corresponding angular distance bin. This effect is negligible at the edge of
the field of view, but causes increasingly large biases towards the camera centre. If the observa-
tional offset becomes < 0.4°, i.e., if a potential source were serendipitously observed and hence
were not observed with a proper observational offset, determining the radial acceptance from
the observations itself will lead to artefacts in the resulting sky maps and can even introduce a
significant excess when no y-ray excess is present.

For each analysis, an individual decision on whether to use acceptance profiles from the data
itself or from lookup tables has to be made.

A common problem for all one-dimensional radial acceptance profiles is the already mentioned
zenith angle dependence of the system acceptance. The increasing shower absorption at larger
atmospheric depths and the large fields of view of H.E.S.S. of 5° and 3.5° translate into a zenith-
angle dependent gradient in the system acceptance. As increasing absorption of the Cherenkov
light causes an increased low energy threshold at larger zenith angles, an energy cut (rejection
of all events with energies lower as a given energy threshold) can reduce inhomogeneities due
to zenith-angle dependent gradients in the field of view. The importance of energy cuts is dis-
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cussed in Section 3.1.6.
Depending on the background determination model, the rotated two dimensional acceptance
profile is needed to correct the background for the radially decreasing background acceptance.

Ring Background Model

In the case of the ring background model [50] the background is extracted from a ring centred
at the on region as is shown on the left side of Figure 3.4. The normalisation factor o is ap-

proximately the ratio of the solid angle of the on region and the solid angle of the ring ox = SA

To reduce fluctuations in the background estimation, « is typically chosen to be ~ 1/7 resul’;gg
in a ring radius of typically 0.5°. As the on region can be at any position in the field of view,
the system acceptance is in general not constant across the ring. To determine the acceptance
dependent a, the background has to be corrected pixel-wise by the corresponding background
acceptance value. In this way, the ring background model can be applied to any region in the field
of view. Since the background correction is rather insensitive to large scale deviations between
the actual and the determined acceptance profile due to the small ring extension compared to
the entire field of view, and any linear gradients in the system acceptance are averaged out over
the ring, this background model is best suited to generate sky maps showing the entire field of
view of the data set. For determining a spectrum at the region of interest, a different background
model has to be used.

Reflected Regions Background Model

In the case of the reflected regions background model [50] the background is extracted from
N,y off regions arranged in a circle around the camera centre with all off regions having the
same shape, size and offset to the camera centre as does the on region. This method can
only be applied if the target source is observed in a wobble mode, with the optimised wobble
offset being 0.5° - 0.7°. As the on and off regions all have the same offsets to the observation
position, their is no system acceptance correction necessary as it is radially symmetric, when
determined as described in Section 3.1.5. The normalisation factor « is simply given by ]%ff By
observing the target source at equal offsets in RA and Dec and applying the reflected regions
background model to every observation as is shown for two observation positions on the right
hand-side of Figure 3.4, any large-scale, linear background gradients get averaged out. Due to
its independence of the radially symmetric system acceptance and the on and off event offset
distributions being identical, this method is best suited for a spectral analysis of the region of
interest.
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Figure 3.4: Schematic illustration of the ring (left) and reflected region (right) background model. The on
region is indicated with a white dashed circle. The background in either case is estimated based on the
events inside the off regions shown in red. Figure taken from [50].

Significance Computation

Due to the typically low signal-to-background ratio and the detector sensitivity in y-ray astron-
omy, the significance of a y-ray signal needs to be carefully estimated to prove that an excess of
Y rays is due to a source rather than a fluctuation in the background. The significance of a VHE
y-ray signal is computed based on the number of on events (N,,;) and off events (N,s) within
the region of interest with radius ®.,;. The excess of events N, .ss in the signal region over the
background events is given by:

Nexcess = Non — OCNoffa

where « is the normalisation factor which depends on the exposure time, the zenith angle of the
observation, the solid angle and acceptance differences between the on and off regions. Based
on the number of events in the on and off regions and the normalisation factor ¢, the statistical
significance S of the excess in the on region can be derived by following the approach of Li & Ma
(1983, Eq. 17) [51]:

140 [ Ny Nogy 172
S=v2{N,,! Nyprln | (1 S § - . (3.1
f{ n{ o (Non+Noff)}+ 17 n{( o) (Non+Noff)H =)

A potential VHE vy-ray source is typically defined as a significant VHE y-ray emitter when the

significance S exceeds 50.
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However, a blind search for significant VHE 7-ray emission over a wide field of view considerably
increases the number of test positions (trials). As the probability of detecting a region with a
certain significance increases with increasing trials, the measured significance should be cor-
rected for the number of trials to get an estimate of the "true" significance of a potential source.
Under the assumption that the significance distribution follows a normal distribution, the post trial
significance can be computed via

Onpost Opre
1 —erf pos):n- (l—erf( P ))
(\/§ trials \/E

=
_ O,
Gpost:\/ierf ! [1_ntrials (1—61‘f(\;;)):|7

with erf being the Gauss error function.

3.1.6 Effective Area and Energy Threshold

To reconstruct the y-ray flux from a source, the effective area of the instrument as well as the
definition of the valid energy range are needed. The effective detection area is comparable to
that of the Cherenkov light pool on the ground and is a function of the zenith angle, the azimuth
angle, the offset between the source position and the observation position, the y-ray energy
and the selection cuts that are applied. By using MC simulations of y-ray events with fixed pa-
rameters over the entire phase space, the effective area is modelled by counting the fraction of
simulated events fulfilling the array trigger rate requirements and selection cuts as a function of
the energy [52]. To cover the entire parameter space, the discrete instrument response functions
are interpolated. In general, the effective areas can be determined either as a function of true
(Ewue) Or reconstructed energy (Ereco). For H.E.S.S. analysis, the effective areas as a function
of Eyye are used as they do not depend on the simulated energy spectrum, and it leads to more
accurate results when determining an integrated effective area over the whole energy spectrum,
as needed for the production of sky maps.

In addition, an accurate reconstruction of the event energy is crucial for the spectral reconstruc-
tion. The uncertainty of the spectral reconstruction increases at the lowest (and highest) end
of the y-ray spectrum caused by either an increasing bias in the event energy reconstruction
or by the decreasing effective area with decreasing event energy. Both the energy bias as well
as the effective area can be used to determine the safe energy threshold for the spectral re-
construction. The former method is typically used for the CT1-4 data. The energy bias Ag is
defined as Ag = % where Ee is the simulated true y-ray event energy and Eie, is the
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reconstructed event energy. The left panel of Figure 3.5 shows the relative energy bias as a
function of Eyye for zenith angles of 20°, 45° and 55° at an event offset of 2.0° to the observa-
tion position. The safe energy threshold is defined at energy Eiyye min, Where the energy bias is
Ag < 0.1 [45]. The absorption of Cherenkov light in the atmosphere increases with increasing
atmospheric depth at larger zenith angles. This effect increases with decreasing y-ray energy,
causing higher spectral energy thresholds at larger zenith angles. The energy threshold also in-
creases with increasing event offset (not shown in the figure) due to selection cut effects. Events
with offsets close to the edge of the field of view can be truncated and hence, for these events, a
mis-reconstruction is more likely compared to events with lower offsets. This effect can be taken
into account by applying cuts on the reconstructed primary photon direction.

When analysing CT5 data, it is better to use the effective area to determine the safe energy
threshold as the event reconstruction of events seen by a single telescope becomes more un-
certain. Especially at large zenith angles, the energy bias does not fall below the 10% threshold
over the whole energy range. Effective areas as a function of Ey,e are shown in the right panel
of Figure 3.5 for zenith angles of 20°, 45° and 55° at an offset of 1.5°. The safe energy threshold
is defined at energy Eiwue min, Where the effective area reaches 10% of its maximum.

The energy spectrum is only reconstructed above the safe spectral energy threshold to avoid
large systematic uncertainties close to the analysis energy threshold.
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Figure 3.5: (a) Relative energy bias as a function of energy for zenith angles of 20° (green), 45° (blue) and
55° (red). The respective energy thresholds at an energy bias of 10% are indicated with vertical lines. (b)
Effective collection area for CT5 as a function of true energy for zenith angles of 20° (green), 45° (blue)
and 55° (red). The vertical lines denote the respective energy thresholds at 10% of the maximum of the
effective area.
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3.1.7 Spectral Energy Reconstruction and Flux Calculation

After applying the safe energy threshold cut to the reconstructed events, the y-ray spectrum of a
potential y-ray source can be reconstructed. The differential energy spectrum that is estimated
via

d’N

F(Ege) = —————
(Etrue) dE e dA dt

depicts the number N of y rays per true energy Eie, area A and time interval . However, the
quantity measured by H.E.S.S. (Nexcess) reflects the y-ray rate after the y-hadron separation and
background rejection in dependence of the reconstructed energy Eieco:

dN

_— = PA.gF(E dEirue. 3.2
dEreco dr /0 eff ( true) true ( )

P is the probability density function describing the probability of an event with energy Eie being
reconstructed with an energy Er.co and is directly related to the energy resolution and the energy
reconstruction bias. A is the effective collection area A.g = J 27 rdr Py, where Py is the y-ray
detection probability, convolved with the y-ray selection efficiency. Both quantities depend on
the true primary y-ray energy, the zenith angle, the azimuth angle and the event offset to the
observation position of the instrument, while P additionally depends on the reconstructed event
energy. Equation 3.2 cannot be solved analytically for the differential energy spectrum F(Eye).
Instead, approaches such as xz—fitting, unfolding or forward folding can be used. This work
makes use of the forward folding approach, where an assumed spectral energy distribution with
a predefined spectral shape is folded with the instrument response functions and compared to
the measured energy distribution. Typically, the spectral energy distributions are assumed to

follow a power law, an exponential cut-off power law, a curved power law or a broken power law.

The expected spectral energy distribution is determined on a run-by-run basis in n reconstructed
energy bins [Ereco.i; Ereco,i+1] above the spectral energy threshold. In practise, the expected
number of y-ray and background events is determined for the given spectral energy shape by
integrating Equation 3.2 over time and reconstructed energy within the bin edges and then sum-
ming up over all runs. The best estimate for the expected y-ray and background events is
obtained by maximising the probability to observe a specific number of y-ray and background
events, given that a certain number of y-ray and background events is expected, in the regime
of Poisson statistics. Finally, the best estimate for the differential spectral energy distribution
is obtained by minimising the negative log-likelihood —L = —log(P) while varying the spectral
parameters (e.g. norm, index, cut-off) of the assumed spectral shape. As the expected source
spectrum ¢5; is determined directly from the y-ray and background events, no flux points need
to be calculated. However, this is done in a separate step by comparing the measured excess
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events per energy bin to the expected number of events ny:

(Non - OCNoff) (pﬁt (E)
ny '

F(E) =

The flux value is given at a mean energy E; of the respective energy bins, which is determined
from the determined fit function and the effective area at the true energy. For more information
the reader is referred to [26, 45, 53].

3.1.8 Upper Limit Estimation

Although a detection of significant y-ray emission from a potential y-ray source is desirable, most
of the observations result in non-detections. However, even a non-detection can help to improve
the understanding of acceleration and radiation mechanisms in the Universe. By estimating up-
per limits on the flux level of the investigated source and hence excluding a higher flux at a
certain confidence level, models predicting a particular flux level can be constrained. In y-ray
astronomy the two most commonly used approaches to estimate upper limits are the frequentist
and the bayesian approaches. Whereas a Bayesian makes statements about the true value of
a measured parameter like "The confidence level o is my degree of belief that the true value
is indeed within the calculated confidence interval,", a Frequentist makes statements about the
limits of the confidence interval based on a large statistical sample like "When | calculate the
confidence interval with a confidence level & for a repeating experiment, then % of the calcu-
lated confidence intervals should contain the true value." The analysis framework that is used
for this work follows the frequentist approach that is described by Rolke, Lopez & Conrad (2005)
[54]. This method allows for the treatment of problems with several not well-known nuisance
parameters and is adapted to problems with small signals. Although this method has its limita-
tions, due to an incorrect coverage in cases of small signals where parameters lie close to the
physical boundaries, the main advantage of this method is the treatment of efficiencies of the ex-
periment with a Binomial or Gaussian distribution. This allows for the inclusion of the systematic
uncertainties of an experiment into the estimation of confidence intervals.

Upper limits on the flux can be reported as either differential or integral upper limits. While differ-
ential upper limits are the preferred option when comparing the excluded flux level for a certain
source to its spectral energy distribution or model predictions for a differential flux, integral upper
limits contain information about the total energy in y rays in a defined energy interval and thus
reveal information about the total energy in cosmic rays in a certain energy range. In both cases
assumptions about the spectral behaviour have to be made. Typically, a spectrum following a
power law with spectral index I" is assumed:
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-T
aN _ No ¥ (5) , (3.3)

where N is the number of particles per area A and time interval t. By comparing the expected
number of v rays

Emax

eff(E) Xt X (%) dE

to the actually measured excess of y rays and setting

dNexpected - /

mm

dN, expected — dN, measured — dN, excesslimit

the upper limit on the number of particles at energy Ey can be inferred via

Emax E _F
NO - dNexcesslimit X / Aeff(E) | — dE
Emin EO

The integral upper limit on the number of y rays d N is then calculated by integrating Equation
3.3 over a defined energy interval [Epin, Emax]

Emax dN
dNuIZ/ av g (3.4)

and the differential flux upper limit is calculated via

dNy Emax dN
dE . 3.5
dE ~ dE / (8:5)

mm

To infer information about the total energy content in y rays in a certain energy range, the upper
limits are typically translated into upper limits on the energy flux through

Emax
E*dNy :/ Ed%ldE. (3.6)

When comparing the results for various sources located at different distances, it is more conve-
nient to estimate upper limits on the distance independent luminosity of the source:

Emax dN
—4nd? / E-—dE. 3.7
Ly=4nd" x AT (3.7)

These equations will be used in chapter 5.
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3.2 Systematic Uncertainties

All physical measurements come with uncertainties limiting their accuracy. Apart from statistical
uncertainties that cannot be reduced, systematic uncertainties are of great importance when
experimental results are discussed. The latter lead to a (one-sided) bias in the experimental
results and may lead to inaccurate interpretations of the data.

In the H.E.S.S. experiment systematic uncertainties are mainly related to the MC simulations
(required for the event reconstruction), instrument components like the camera and the read-out
process, variations in the data sets due to varying observational conditions, and the choice of the
analysis framework. The data calibration and the data quality selection cuts, which are described
in Section 2.2.3 and 3.1.1, respectively, significantly reduce potential systematic uncertainties in
the event reconstruction. However, not all systematic uncertainties can be corrected for. In this

section the remaining systematic uncertainties in a data set are investigated in more detalil.

3.2.1 Monte Carlo Simulations

For real events, atmospheric monitoring devices help to monitor quantitative criteria of the sky
quality like its transparency or the cloud coverage for every single observation. In contrast, the
MC simulations are only performed for predefined observational periods by assuming a constant
atmosphere (and a mean optical efficiency); for these, the atmospheric monitoring devices de-
liver quantitative criteria of the atmospheric properties for the MC simulations. However, due to
its highly turbulent character — i.e., seasonal varying atmospheric profiles and changing con-
tent of aerosols — the atmosphere is the least well understood component of the Cherenkov
detector. A precise simulation of the atmosphere is crucial, since the amount of Cherenkov light
that reaches Earth strongly depends on variations in the atmosphere. Systematic deviations of
the atmospheric model from the actual atmospheric conditions lead to a shift of the y-ray event
energy and hence to a systematic uncertainty on the energy scale. There are three main com-
ponents contributing to the final systematic uncertainty of the energy scale related to the shower
simulation in the atmosphere: the shower interactions, the modelling of the atmosphere and the
detector simulation.

The systematic uncertainties due to the simulation of the shower interactions (which are well
known) are small as only electromagnetic interactions are considered. Whereas the systematic
uncertainty due to the applied shower interaction simulation is constant and estimated to be
less than 1% [45], the systematic uncertainty due to variations in the atmosphere, i.e. a sea-
sonal change of the atmospheric density profile or variations in the atmospheric transmission,
depend on the underlying data set. The seasonal change of the atmospheric density profile
at the H.E.S.S. site is illustrated in Figure 3.6. Changes in the density profile mainly influence
the production of the Cherenkov light, thus leading to systematic uncertainties in the energy re-
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construction of the primary v ray. Whereas observations are taken during the whole year and
hence cover winter and summer periods, the MC simulations are done for an averaged density
profile, leading to a systematic uncertainty on the energy scale of 1% for a dataset taken only
during one season; this increases up to 4% for a dataset that covers summer and winter seasons
[55]. Variations in the atmospheric transmission or extinction coefficient caused by variations in
the density of aerosols and ozone lead to variations in molecular scattering and absorption of
secondary particles. The systematic uncertainty due to atmospheric transmission variations is
estimated to be f = AE /E = 5% at a zenith angle of 0° [56] and increases with increasing zenith
angle as

f(z)= : (3.8)
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Figure 3.6: Density profiles for Windhoek. Shown are the yearly averaged density profile (black) as well as
the density profile for February (red) and for June (green). The normalisation is based on the barometric
formula. Image Credit: Heike Prokoph.

Systematic uncertainties due to the instrument simulations are rather small. Since the instrument
parameters are well known, the systematic uncertainty on the flux is less than 1% over almost
the entire energy range for a given simulated telescope type. The systematic uncertainties only
increase at the energy threshold, where the trigger has to be understood very well, and at very
high energies, where the shower images are truncated by the edges of the cameras; here they
can be as high as 10% for CT5 [57].
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3.2.2 Instrument Related Systematic Uncertainties

The two main components of instrument related systematic uncertainties are broken pixels in
the camera and the dead time during the read-out process?.

Since PMTs are sensitive to single photons, too many photons arriving at the same time can
damage the PMTs. Bright stars in the field of view as well as meteorites, lightning, airplanes or
satellites can trigger the over-current protection which turns the affected PMT off. In case of a
transient event (i.e. a meteorite crossing the field of view), the pixels are turned on again after
some minutes. Broken or turned-off pixels in the camera affect the y-ray energy reconstruction
as a broken pixel within a shower image leads to a slight mis-reconstruction of the total im-
age amplitude, an important parameter for the primary y-ray energy reconstruction, and hence
causes a systematic uncertainty on the energy scale. A reconstruction is no longer possible
when several broken or turned-off pixels lie within the shower image. For a standard Hillas anal-
ysis the systematic uncertainty on the flux due to individual broken / turned-off pixels is about
5%, whereas in the case of the more robust template fitting framework the systematic uncertainty
is most likely less than 5%. For a more accurate estimate on the systematic uncertainty due to
broken pixels, a data set dependent detailed study would be needed which is beyond the scope
of this work. However, the systematic uncertainty due to broken pixels is only a subdominant
contribution compared to the systematic uncertainty due to the atmosphere for example.

The camera trigger and read-out status information are stored for each event and each tele-
scope, and is later used to precisely estimate the dead-time of the system. The systematic
uncertainty on the flux estimate due to the dead-time estimation is therefore less than 1%. Nev-
ertheless, software or hardware problems can increase the systematic uncertainty on the dead-
time estimation as well as the so-called more relevant ghost events, caused by an increased
electromagnetic noise in the camera when the data transfer starts, leading to a self-trigger of
the camera. If a ghost event keeps the telescope busy, the dead-time increases, whereas the
lifetime stays unchanged since no real event was recorded. Until June 2015, up to 5% of the
events that triggered the CT5 camera were caused by ghost events, which directly translates to
a < 5% systematic uncertainty on the estimated flux for observations taken until Summer 2015.
For observations taken after Summer 2015 a systematic uncertainty of 1% is assumed.

2There is one further instrument related systematic uncertainty, the pointing accuracy, which has no affect on the
flux estimation. The pointing accuracy of the telescopes is mainly limited by the deformation of the support structure
while pointing to the target position. These affects are well understood leading to a systematic pointing error of
< 20" [58].
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3.2.3 Data Set Related Systematic Uncertainties

Variabilities in the observational conditions (e.g., short-term and long-term variations of the at-
mosphere) or the choice of the analysis framework lead to systematic uncertainties that are
dependent on the data set and thus have to be investigated for every data set individually.

Run-by-Run Variability

The run-by-run variability is mainly caused by a variability of the atmospheric transparency co-
efficient leading to a variability in the measured flux [42]. For data sets taken over long time
periods, the observational conditions and instrument responses may vary strongly. Variations in
the measured flux between single observations are more likely to lead to increased systematic
uncertainties in the final y-ray flux measurement. The highest impact on the measured flux un-
certainties originates from short time-scale variabilities in the atmospheric transparency, leading
to a variation in the absorption of Cherenkov light and hence a systematic uncertainty on the
energy reconstruction, which translates into a systematic uncertainty in the flux measurement.
The systematic uncertainty due to a variability of the atmospheric transparency is estimated by
taking the rms of the atmospheric transparency coefficient of all observations in a data set and
has to be estimated for every data set individually.

Data Set Variability

When several data sets of the same source are taken, observational conditions can vary strongly
between the data sets. In particular, if the observations are taken at different zenith angles, vari-
ations in the energy thresholds of the individual data sets can result in a systematic uncertainty
in the spectral index [45]. A systematic uncertainty on the flux normalisation is covered by the
systematic uncertainty estimation due to run-by-run variability.

Background Estimation

Systematic uncertainties in the background estimation mainly originate from a non radially sym-
metric system acceptance or systematic deviations of the background estimation at the edges
of the camera. For both the ring background model and the reflected region background model,
the systematic uncertainty on the background estimation has to be investigated separately.

When a sky map is produced and hence the ring background model is applied, for an obser-
vation without any significant y-ray signal, the significance distribution of the background events
follows a gaussian distribution centred at zero due to statistical fluctuations. Any deviation from
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the normal distribution can be a hint of a systematic uncertainty in the background subtraction.
For larger source extensions, for example, larger ring radii are needed and the background es-
timation therefore becomes more sensitive to acceptance deviations resulting in an increased
systematic uncertainty. In the case of other y-ray sources in the field of view, which have to
be excluded from the background estimation, the exclusion region leads to reduced background
statistics and hence higher systematic uncertainties, since the acceptance gradients would no
longer cancel out. Another problem is caused by y-ray sources in the field of view with fluxes
just below the detection threshold resulting in an overestimation of the background; and these
produce a shift or a broadening of the gaussian distribution. Without any significant y-ray signal
in the field of view, the systematic uncertainties are shown to be at a 1% level [45]. However, the
exact systematic uncertainties may vary from data set to data set and thus should be estimated
for every data set individually.

Deviations from a radially symmetric acceptance are mostly accounted for in the reflected region
background model and edge effects in the camera field-of-view only become important in case
for unusually large source offsets to the observation position. However, in the case of a source
being serendipitously observed or being observed while performing a scan of the sky region,
observations with different offsets contribute to the data set. In that case, relative system ac-
ceptance corrections between the single observations with different offsets have to be applied
to the on and off regions to correct for deviating background acceptances. Nevertheless, this
correction increases the systematic uncertainty of the background estimation, since background
gradients cannot be properly averaged out anymore. The same is true for a background esti-
mation with excluded y-ray sources in the same field of view, preventing the model from finding
enough suitable reflected background regions and thus lowering the available background statis-
tics, or in the case of close-by source with a y-ray emission just below the detection threshold
as described for the ring background model. Like for the ring background model a study of the
actual systematic uncertainties of the background estimation for the underlying data set has to
be performed for each data set separately.

Systematic uncertainties in the background estimation lead to uncertainties in the reconstruction
of the y-ray spectrum and thus systematic uncertainties in the flux calculation as well as on the
spectral index have to be investigated.

Selection Cuts

The event reconstruction method and the selection cuts depend on the software that is chosen
for an analysis and are typically optimised for sources with a particular VHE y-ray spectrum.
The choice of selection cuts is in most cases biased due to assumptions made about the source
of interest. A comparison of the results based on different applied selection cuts and / or with
results from using a completely different reconstruction framework leads to a data set dependent
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estimate on the systematic uncertainty in the flux measurement.

The two components of the systematic uncertainty due to data-set variability and the choice
of selection cuts should only be considered in the case of a significant y-ray emission. For
a non-detection, statistical uncertainties dominate and would bias the estimation of systematic
uncertainties due to the choice of selection cuts and data set variability only affects the spectral
index of a y-ray spectrum which can only be measured in the case of a significant y-ray emission.

3.2.4 Summary of Systematic Uncertainties

All three main components that contribute to the total systematic uncertainty of a data set affect
the measurement of the absolute y-ray flux. Some of the components affect the flux estimation
directly, while others affect the reconstruction of the energy scale and hence have an indirect im-
pact on the flux calculation. The systematic uncertainties on the energy scale can be translated
into systematic uncertainties in the flux estimation. It is shown, that the systematic uncertainty
on the energy scale is mostly energy and impact distance independent and hence can be as-
sumed to be constant. The systematic uncertainty on the energy scale directly translates into a
systematic uncertainty in the flux measurement. If the y-ray flux can be perfectly described by a
power law (Equation 3.3), the systematic uncertainties on the flux are given by

dN
ore= () X (127G T 9

for a differential flux point or by

dN -

OF syst = (d_E> X ((1 + f(2)) = 1) (3.10)
meas

for the integrated flux. The required spectral index is either taken from the spectral reconstruction

of a y-ray source or, in the case of a non-detection, an assumption about the spectral index of

the potential y-ray source.

A summary of all systematic uncertainties of a data set is given in the next section in Table 3.2,
where the systematic uncertainties of data sets are studied based on a sample of bow shocks
of runaway stars. For data set independent systematic uncertainties the fixed values are listed
in the table. The data-set dependent systematic uncertainties are marked with a star.

The validation of all instrument component and data set related systematic uncertainties, de-
scribed in the previous sections, is only given after a data quality selection is performed on the
corresponding data set.
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3.3 Study of Systematic Uncertainties of Bow Shocks of Run-

away Stars

Based on the detection of non-thermal radio emission from the bow shock of the runaway star
BD 43°3654 [59], confirming that at least electrons are accelerated to relativistic energies, mod-
els have been developed that predict VHE y-ray emission at up to TeV energies from bow shocks
of runaway stars [59—62]. A number of bow shocks of runaway stars listed in the second E-BOSS
catalogue release were serendipitously observed by H.E.S.S. during the HGPS [63]. As surveys
are typically performed with a systematic observation strategy, they deliver an ideal data set with
which to perform mostly unbiased population studies for sources located in the core region of
the survey. However, sources that are located at the edge of the field of view may suffer from
increased systematic uncertainties. The data sets of the bow shocks of runaway stars observed
by H.E.S.S. cover a large observational phase space (i.e. zenith angle, target offset to the ob-
servation position, exposure, coverage by different observation positions) and therefore deliver
an ideal sample with which to study the systematic uncertainties of a source population with a
large range of observational parameters. This section describes first the H.E.S.S. data analysis
of a selected sample of bow shocks of runaway stars and second, investigates the systematic
uncertainties and their impact on the flux upper limit estimation. The results and discussion of
the analysis of the full sample of bow shocks of runaways stars that were observed by H.E.S.S.
can be found in Appendix B.

3.3.1 Data Analysis of Selected Bow Shocks

A representative subsample of five bow shocks of runaway stars with the most extreme ob-
servational parameters in exposure, observation period, zenith angle and source offset to the
observation position is chosen to study the range of systematic uncertainties in the data sets
of this source population. All bow shocks are analysed with the IMPACT analysis method [46]
as described in Section 3.1.3, and standard cuts are adopted. As the PSF of the H.E.S.S. in-
strument in combination with the ImMPACT analysis method has a radius of ~ 0.07°, the bow
shocks in the selected sample, which all have an angular extent of < 0.07°, are assumed to
be point sources and are analysed at the position of the respective runaway star given in the
second E-BOSS catalogue release. The background is estimated by using the reflected regions
background model. The acceptance profile is determined from lookup tables as most of the
sources were observed serendipitously without proper wobble observations and most of the bow
shocks are located close to the Galactic plane, where contamination due to the presence of
other sources in the field of view would significantly increase the systematic uncertainties in the
background estimation. The significance of the y-ray emission for each bow shock is estimated
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Table 3.1: Observational parameters and results for the selected bow shocks of runaway stars from the
second E-BOSS catalogue release.

H HIP 38430 | HIP 44368 | HIP72510 | HIP98418 | J111-6120

Longitude [°] 243.16 263.10 318.77 71.60 291.88
Latitude [°] 0.36 3.90 2.77 2.90 —0.50
Distance [pc] 900 1900+200¢ 350 529.1 7600
Live-time [h] 1.75 7.85 12.76 4.05 52.91
Mean (max) zenith angle [°] 11.0 (18.0) | 27.8 (54.4) | 34.7 (44.0) | 59.0 (60.4) | 40.0 (54.0)
Mean offset to camera centre [°] 2.41 0.70 2.18 0.77 1.12
Significance [0] -0.03 1.92 2.13 0.93 -0.23
Integral flux upper limit

[10*12Tchm*2 5] 34.06 7.95 19.08 30.34 2.27

Coordinates and distance are taken from the second E-BOSS catalogue release [65]. Observational parameters
correspond to the H.E.S.S. data sets.

4 The distance uncertainty is wrong in the second E-BOSS catalogue release (1900 + 0.1 pc), the correct value
is 1.9+ 0.2 kpc [66].

Integral flux upper limits are estimated at a 95% confidence level by assuming a spectrum following a power law
with a spectral index of I' = 2.5.

based on the on and off events using Equation 3.1.

None of the analysed bow shocks of runaway stars show significant VHE y-ray emission in the
energy range of ~ 300GeV to ~ 50TeV and, thus flux upper limits are estimated using the
method by Rolke et al. (2001) [64]. Integral flux upper limits in the energy range of 0.1 — 10 TeV
are estimated at a confidence level of 95% assuming a spectrum following a power law with
spectral index I' = 2.5. Assuming different indices of I' = 2.0 and I' = 3.0 leads to marginal
changes in the upper limits of the order of 10% or less. The results are summarised in Table 3.1.

3.3.2 Evaluation of the Systematic Uncertainties

To guarantee that the estimated flux upper limits are comparable and do not suffer from system-
atic biases within the sample, the systematic uncertainties are investigated and included in the
flux upper limit calculation. The systematic uncertainties are estimated following the description
in Section 3.2.

The systematic uncertainty due to atmospheric density profile changes is determined as fol-
lows: For observations performed within a single month, the atmospheric density profile can be
assumed to be constant and the systematic uncertainty on the energy scale is at a 1% level.
Observations covering a full season lead to an uncertainty of 2% on the energy scale. A cover-
age of two seasons will lead to a 3% systematic uncertainty on the energy scale and a coverage
of three or four seasons will have a systematic uncertainty on the energy scale of 4%. These
numbers are converted to systematic uncertainties on the flux via Equation 3.10.

The systematic uncertainty on the energy scale due to the zenith angle dependent atmospheric
transmission is estimated based on Equation 3.8 and translated into a systematic uncertainty on
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the flux by using Equation 3.10.

The run-by-run variability is mainly caused by a variability in the atmospheric transparency co-
efficient leading to a variability in the measured flux. The uncertainties are calculated using the
rms of the run-by-run atmospheric transparency coefficients for each data set.

Finally, the systematic uncertainty in the background estimation due to applying the reflected
region background model is determined based on the difference in the one dimensional radial
profile of the on-event sky map and the on-exposure sky map. The on-exposure sky map is
produced by determining the radially symmetric two-dimensional acceptance sky map (based
on lookups) and is scaled by the acceptance corrected total number of on events in the field of
view. As the background level at the source position is estimated by B = o n,rf, where n, ¢ is
the number of off events in n reflected regions and a is given by & = exposure,,,, /exposure,, ;,
with eXposure,, rr =Nyt the systematic uncertainty in the background estimation is simply given
by the systematic uncertainty in the acceptance determination. Thus, the systematic uncertainty
on the background estimation is determined by the standard deviation of the ratio of the one-
dimensional on and on-exposure sky maps for single pointing positions.

As none of the bow shocks show significant y-ray emission, no systematic uncertainties on
the flux measurement due to the choice of selection cuts can be estimated because the mea-
sured flux with different cut configurations is directly correlated to the sensitivity of the respective
analysis configuration that was used. A comparison of the measured fluxes with different cut
configurations would result in a comparison of the different cut sensitivities. Additionally, there
is no estimate of the systematic uncertainty on the spectral index as no spectrum can be recon-
structed based on flux upper limits.

Table 3.2 summarises the systematic uncertainties for the chosen bow shock sample. The to-
tal systematic uncertainties given at the bottom of the table range between 14% and 19% and
are dominated by uncertainties in the atmospheric transmission and the background estimation.
As the sample of bow shocks is chosen to cover a broad range of observational parameters, it
can be assumed that the estimated systematic uncertainties apply for the whole sample of bow
shocks of runaway stars. Since the systematic uncertainties are similar for all bow shocks in
the sub sample, and to make sure that the systematic uncertainties are not underestimated for
single bow shocks, a conservative maximum of 20% is assumed for all bow shocks. Using this
conservative value, the final integral flux upper limits are then calculated as explained in Section
3.1.8. These flux upper limits deliver the basis for a population study of bow shocks of runaway
stars with flux estimations that are as unbiased as possible, which led to the conclusion that a
potential VHE vy-ray emission from this source class is below the flux level that is detectable by
the current generation of IACTs (see Appendix B for more details).
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Table 3.2: Systematic uncertainties on the flux measurement for the selected bow shocks of run-
away stars.

| HIP38430 | HIP 44368 | HIP 72510 | HIP98418 | J111-6120

MC Shower interactions 1% 1% 1% 1% 1%
MC Atm. density profile* 1% 5% 3% 1% 6%
Atmospheric transmission* 8% (9%) | 9% (14%) | 9% (11%) | 15% (15%) | 11% (12%)
Broken pixels 5% 5% 5% 5% 5%
Dead time 1% 1% 1% 1% 1%
Background estimation* 11% 4% 9% 9% 8%
Run-by-Run variability* 2% 6% 5% 5% 6%
Total** | 15% 14% 15% 19% 17%
I[Toegff 'Tgxc;pf’f ;1' ?]“t 37.65 10.41 24.94 37.15 2.64

*

Uncertainties marked with a star are data set dependent and estimated separately for the listed bow
shocks. The uncertainties due to atmospheric transmission variations are given for the mean zenith
angle of the data set and in brackets for the maximum zenith angle of the data set.

"~ The total systematic uncertainty is calculated by adding the individual values in quadrature.

™ Integral flux upper limits including a systematic uncertainty of 20% (see text for details). The flux upper
limits are estimated at a 95% confidence level by assuming a spectrum following a power law with spectral
index I' = 2.5.
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The Magellanic Clouds

The Magellanic Clouds (shown in Figure 4.1) are two star forming galaxies in the neighbourhood
of the Milky Way. The nearly face-on orientation — which gives access to the source distribu-
tion of the entire galaxy — combined with the given spatial resolution of 0.1° of the H.E.S.S.
experiment means that the Magellanic Clouds are nearby enough to have resolvable individual
sources. At the same time, they are far away enough that the large-scale emission as seen by
the Energetic Gamma Ray Experiment Telescope (EGRET) and Fermi at MeV-GeV energies
[67—-69] is distinguishable. Thus, they deliver the unique opportunity to study the connection be-
tween the Galactic VHE y-ray source population and the integrated diffuse emission as seen in
star forming galaxies. Furthermore, due to their different star formation histories the Magellanic
Clouds provide an interesting laboratory for a comparison of the TeV source populations in the
Magellanic Clouds to those discovered in the Milky Way and a study of the importance of the
environment for the efficiency of the y-ray production.

In the last decade H.E.S.S. performed a survey of the Magellanic Clouds that amounts in total to
~ 450 h of observations. The survey of the Magellanic Clouds is presented in this chapter. After
a short introduction to both Magellanic Clouds in Section 4.1, an introduction into particle accel-
eration mechanisms and non-thermal radiative losses will be given in Section 4.2 followed by an
overview of the theoretical background of potential source classes in the Magellanic Clouds in
Section 4.3.

4.1 Introduction

The Magellanic Clouds are two intensively studied star forming galaxies. Belonging to the Local
Group, their moderate distances of 150 — 200 ly allowed inhabitants of the Southern Hemisphere
to observe these bright cloudy objects already centuries ago. More than 1000 years ago, they
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were first mentioned by the Persian polymath Ibn Qutaybah (828 - 889) [70] and the Persian
astronomer Al Sufi (903 - 986) [71], whose accounts are probably based on travellers stories.
In Europe the Magellanic Clouds were first reported in a letter dated January 6th, 1515 by An-
drea Corsali [72], an ltalian author on a Portuguese voyage. A couple of years later the Crew
of Ferdinand Magellan (1480 - 1521) discovered and described the galaxies during their circum-
navigation of the world (1519 - 1522) [73]. However, the name Magellanic Clouds only became
popular in the 18th century in honour of Ferdinand Magellan. The naming still describes the
apparent shape of the objects and reflects the lack of knowledge about their true nature at that
time.

In the early 19th century astronomers became increasingly interested in the Magellanic Clouds.
After the publication of the rather detailed sketches of the Magellanic Clouds by James Dunlop
in 1828 [74], it was John Herschel who first catalogued star clusters and nebulae in his "General
Catalog" [75], which was later incorporated in the well known "New General Catalogue" [76].
Since the beginning of the 20th century the Magellanic Clouds have played a major role in our
understanding of the scales of our Universe. They were previously assumed to be nebulae en-
closed in our own Galaxy, the Milky Way, and it was Henrietta Swan Leavitt who discovered the
Cepheid period-luminosity relation based on Cepheids located in the Magellanic Clouds [77, 78]
and thus laid the foundation for distance estimations far beyond the natural limits of ~ 100 pc
of established methods like the trigonometric parallax. The calibration of the relation through
distance measurements of close-by Cepheids [79, 80] finally led to the conclusion that the Mag-
ellanic Clouds are two individual separated galaxies outside the Milky Way, called the Small
Magellanic Cloud (SMC) and the Large Magellanic Cloud (LMC). A proposal by Mathewson et
al. suggested that the SMC is in fact split into two galaxies with the smaller part, called the Mini
Magellanic Cloud, being located behind the SMC with a separation of ~ 12 kpc [81]; however,
it was never shown to be true and more recent studies reveal somewhat contradicting results
[82, 83]. Hence, the SMC is still regarded as a single galaxy.

The discovery of the Magellanic Bridge connecting the two Magellanic Clouds [84] as well as the
Magellanic Stream, a trail of gas following the Magellanic Clouds [85], strongly suggests that the
two satellite galaxies are interacting. Simulations of tidal encounters between the two Magellanic
Clouds [86, 87], proper motion studies of the stellar populations [88] as well as star-formation
(history) studies [14—16, 18, 89] support this picture. Recent close encounters between the
Magellanic Clouds led to an increased star formation rate in both galaxies and hence resulted
in an increased number of young (< 107 yr) stellar populations. These are of special interest
for astroparticle physics as they are the progenitors of the most promising source candidates for
particle acceleration up to ~ TeV energies.
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Figure 4.1: The Magellanic Clouds visible over the Paranal Observatory in Chile. Image Credit: ESO/J.
Colosimo

4.1.1 The Large Magellanic Cloud

Among the four closest neighbouring galaxies, the Large Magellanic Cloud (LMC) is the closest
star forming galaxy to the Milky Way at a distance of ~ 50kpc [90]. Although its stellar mass
is only approximately 4% of the Milky Way stellar mass [91, 92], the LMC has a star formation
rate per unit solar mass that is on average five times larger than that of the Milky Way [15,
93], and studies show that the galaxy even underwent recent star formation periods at 2 Gyr,
500 Myr, 100 Myr and 12 Myr ago [15]. The LMC still shows higher star formation rates in the
last 10 Myr [16], indicating a large number of young stellar populations. Tracers of the latter are
the numerous HIl regions [94, 95], stellar clusters [96], SNRs [97] and high-mass X-ray binaries
(HMXBs) [98, 99]. One of the most prominent regions in the LMC is the Tarantula Nebula (also
known as 30 Doradus) — the most massive and most active starburst region of all Local Group
galaxies. The many luminous and massive O3 and Wolf-Rayet stars with strong winds provide
a significant amount of target material for VHE y-ray production. Furthermore, the Tarantula
Nebula contains many SNRs of various ages, making this region a promising place to search for
VHE vy-ray emission. The detection of diffuse HE y-ray emission from the LMC with EGRET in
1992 led to the assumption that the cosmic-ray density in the LMC is comparable to the Milky
Way [67]. Between 2007 and 2013 H.E.S.S. performed observations of the Tarantula Nebula and
found three individual, exceptionally powerful sources, which are identified as the SNR N 132D,
the PWN N 157B and the superbubble 30 DorC, all of which are shown in Figure 4.2 [23]. While
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conducting the analysis for this work, another y-ray emitter has been found and identified as the
Y-ray binary LMC P3 [100], which will be described in more detail in Section 6.6.1. As the data
set taken until the last H.E.S.S. publication was limited in spatial extent as well as in sensitivity,
subsequent observations covering the entire LMC were performed by H.E.S.S., for which the
analysis is presented in this work (Section 5.2).

In addition to the point-like sources, diffuse emission consisting of several components from
degree-scale up to the extent of the entire galaxy was detected with the Fermi-LAT at up to
~ 10 GeV (see Figure 4.3a) [69], implying a large-scale population of cosmic rays with energies
of up to at least ~ 100 GeV and the existence of significant amounts of target material for the
Y-ray production.
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Figure 4.2: The three known VHE y-ray sources in the Magellanic Clouds. Upper left: the VHE 7y-ray
emission of all three sources overlaid on an optical image of the LMC. Upper right: The VHE y-ray excess
of the SNR N 132D. Lower left: VHE y-ray excess map of the PWN N 157B and the superbubble 30 DorC.
Lower right: X-ray image of the superbubble 30 DorC. Figure taken from [23].
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4.1.2 The Small Magellanic Cloud

At a distance of ~ 60kpc [101] the Small Magellanic Cloud (SMC) is the second nearest star
forming galaxy to the Milky Way. With a stellar mass of only 0.5% of the Milky Way mass
[91, 92], the SMC nevertheless exhibits a star formation rate per unit solar mass that is 20
times higher than that of the Milky Way [93] with several recent star-formation peaks in the last
~ 500 Myr [14, 16—18], probably triggered by tidal interactions with the LMC or Milky Way [14].
The SMC shows evidence for ongoing star formation at a higher rate towards the SMC Bar
starting ~ 10Myr ago [16, 18]. The large population of young X-ray binaries, predominantly
HMXBs with OBe star companions [102, 103], is most likely linked to the recent star formation
episode. Next to the HMXBs, the SMC also hosts many SNRs [104] and HIl regions accumu-
lated in star forming regions (SFRs) [105], making the SMC an ideal target for studying young
stellar populations over a wide range of age. With a high gas content and a low metallicity
(~0.2x solar [106, 107]), the SMC offers a laboratory significantly different from those of the
Milky Way and the LMC and hence makes a comparison of the source populations in these
three galaxies particularly interesting for the study of particle acceleration mechanisms and the
importance of the environment.

The diffuse emission detected by Fermi-LAT in the HE range (as shown in Figure 4.3b) proves
that particles are accelerated to at least ~ GeV energies [68, 108]. In addition, although emission
from star formation tracers such as far-infrared or radio emission is about an order of magnitude
lower than in the LMC, the efficiency with which 7y rays are produced, the calorimetric fraction, is
significantly higher in the SMC than in the LMC [109].
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Figure 4.3: Diffuse HE y-ray emission of the (a) LMC and (b) SMC as seen by Fermi-LAT [68, 69].
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4.2 Particle Acceleration and Non-Thermal Radiative Losses

Observations of Galactic source classes emitting non-thermal radiation reveal that a variety of
mechanisms are required to accelerate particles in different astrophysical environments to PeV
energies. Shocks of SNRs and PWNe provide perfect conditions for particle acceleration up to
~ 10' eV resulting in y-ray emission up to multi-TeV energies [7, 63, 110]. On the other hand,
TeV y-ray emission is also observed from pulsars, where no shocks are formed, and hence
a different acceleration mechanism is assumed to be responsible for the particle acceleration.
The acceleration mechanisms discussed in the literature include stochastic processes in turbu-
lent environments, acceleration behind shocks, varying magnetic fields in compact sources and
magnetic reconnection. Independent of the acceleration mechanism, the relativistic particles
lose energy via non-thermal radiative losses leading to non-thermal emission that is observed
from radio to y-ray energies.

The following sections give an introduction to the most accepted acceleration mechanisms in
the literature followed by a description of the relevant radiative losses for the production of non-
thermal emission.

4.2.1 Second Order Fermi Acceleration

In 1949 Enrico Fermi proposed the first mechanism to explain how cosmic rays can be accel-
erated [111]. Charged particles are deflected by magnetic clouds randomly moving through the
ISM. Deflected particles only gain energy in head-on collisions which invert the momentum of
the particle from p to —p, but as head-on collisions are expected to be more likely, particle gain
energy on average. By assuming the mass of the cloud to be much larger than the mass of
the particle (Mcioua > Mp), and the cloud to be moving slowly compared to the speed of light
(ve < c), the energy gain for a particle of energy E after a collision is given by:

AE <vc>2
E c/

As the energy gain is proportional to (vc/c)z, this acceleration mechanism is also referred to as
second order Fermi acceleration. Fermi showed that in the case of an energy independent par-
ticle escape time, the second-order Fermi acceleration mechanism leads to a particle spectrum
with a power law when observed from Earth. However, this mechanism has its limitations as the
acceleration times are on average Taec 2 108 yr > tcr, With fcr being the age of the cosmic rays,
which is much longer than the typical lifetime of < 10° yr of a Galactic accelerator. Furthermore,

this acceleration mechanism only becomes efficient if particles are preaccelerated to 100 MeV
and the power law distribution of the cosmic-ray spectrum is not universal as it depends on the
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density and velocity of the clouds.
However, second order Fermi acceleration is still considered to be an active particle accelera-
tion mechanisms in some source classes and helps to explain the flattening of the cosmic-ray
spectrum at lower energies [112].

4.2.2 Diffusive Shock Acceleration

The idea of accelerating particles at discontinuities, like in the second order Fermi acceleration
mechanism, is still present in the nowadays more commonly accepted mechanism, the diffusive
shock acceleration [113—116]. Particles gain energy while crossing a shock front with small-
scale magnetic inhomogeneities generated by high velocity particles colliding with the ISM. By
experiencing head-on collisions while crossing the shock front upstream (ahead of the shock)
and downstream (behind the shock) and under the assumption that the particles are isotropically
distributed, the energy gain per cycle (upstream - downstream - upstream) of a particle with en-
ergy Eq crossing a shock front with a velocity of vy is given by:

5= (%)
Ey c/’

Due to the energy gain being proportional to (vs/c), this acceleration mechanism is also called
first-order Fermi acceleration. As the upstream medium is approaching towards the shock front,
the probability of a particle in the upstream region crossing the shock front is P = 1. On the
other hand, downstream particles moving away from the shock front can get advected away and
hence can leave the shock system with a probability Pesc # 0, which naturally leads to a particle
energy spectrum with a power law shape. In the limit of strong shocks, the compression factor r,
which denotes the ratio between the upstream and downstream bulk velocity, is r = v /v, ~ 4,
leading to a power law index of ~ 2.

The maximum acceleration rate is reached in the regime of Bohm diffusion denoting the slowest
possible diffusion. In the Bohm regime the mean free path of the particles is equal to the gyro-
radius r, = E/(eB), with E being the energy of the particle and B the magnetic field. Assuming
identical magnetic fields in both regions, upstream and downstream, the acceleration time for a
particle is given by:

D 2
face & n%g with 1) oc 20— (£> :
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with n =1 in the Bohm limit. D = % is the diffusion coefficient.
The particle acceleration becomes more efficient with larger shock velocities or magnetic field
strengths. The acceleration times increase with increasing particle energies.
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A direct evidence for diffusive shock acceleration is provided by Kis et al. by showing that up-
stream particles undergo diffusive transport into the upstream region in the Earth bow shock
[117].

4.2.3 Magnetic Reconnection

Magnetic reconnection occurs when two magnetic fluxes of opposite polarity encounter each
other. If the magnetic resistance is finite, the converging magnetic field lines annihilate at the
discontinuity surface and form a current sheet. It is assumed that particles are accelerated in a
way similar to the first-order Fermi process [118]. Cosmic rays gain energy in head-on collisions
with the two converging magnetic fluxes while bouncing back and forth several times'. The en-
ergy gain in each cycle is

AE (vr>

EO c/’
where v, is the reconnection velocity at which the two converging magnetic fluxes approach each
other.
The accelerated particles are shown to have a power-law distribution, which is in agreement with

radio observations of flares of Galactic microquasars [118]. A review of the recent developments
in the theory of magnetic reconnection is given by de Gouveia Dal Pino & Kowal [120].

4.2.4 Non-Thermal Radiative Losses

Relativistic cosmic rays — i.e., electrons and positrons (both of which are in the following sum-
marised as electrons), protons and heavier nuclei — can lose energy via non-thermal radiation
through interactions with ambient matter, radiation fields and magnetic fields. The kinetic en-
ergy that is transferred to non-thermal particles through cosmic-ray acceleration is released via
non-thermal photons over the entire electromagnetic spectrum. The resulting spectral energy
distribution depends on the dominating radiative losses. Whereas leptons mainly lose energy by
inverse Compton scattering, synchrotron radiation or relativistic Bremsstrahlung, hadrons lose
energy via proton-proton inelastic collisions. Depending on whether the hadronic or the leptonic
energy losses dominate in a source, the acceleration efficiency and maximum energy have dif-
ferent dependencies on the acceleration timescales. The different processes are described in
more detail in the following.

A similar process within a collisionless reconnection scenario is discussed in the literature as well [119].

49



Chapter 4

Synchrotron Radiation

Synchrotron radiation is the emission of photons by charged relativistic particles due to their
deflection while gyrating in a magnetic field. The emitted energy spectrum covers a broad en-
ergy range from ~ 10710 - ~ 10° eV with a peak at ~ 1 eV. As the energy-loss rate (dE /dt)sy
is proportional to m~#, with m being the mass of the relativistic particle, the energy-loss rate for
electrons appears my/me = 103 times faster than for protons with the same energy and hence
leads to a significantly higher non-thermal photon flux. The average energy-loss rate due to syn-
chrotron radiation of a relativistic electron only depends on its energy E and the magnetic field
strength B:

(dE/dt)sy < E*B*. (4.1)

Thus, the flux of the emitted non-thermal photons increases with increasing magnetic field. The
energy-loss timescale, also called the cooling time, for synchrotron radiation is proportional to the
energy of the particles (assuming a fixed magnetic field). This means that particles with higher
energies cool (lose energy) faster than particles with lower energies. Therefore synchrotron
radiation is the dominating mechanism for non-thermal radiative losses at energies in the radio or
X-ray regime. A comprehensive description of the theory is given by, e.g., Ginzburg & Syrovatskii
[121].

Inverse Compton Scattering

The same electron population that is cooling by releasing energy via synchrotron radiation also
interacts with the ambient photon field. The relativistic electrons lose kinetic energy by up-
scattering low energy photons. This process is called inverse Compton scattering as energy is
transferred from electrons to photons rather than the other way around as is described by the
original Compton scattering process [122]. The cooling time can be determined based on the
calculation for the energy-loss rate by Blumenthal & Gould [123]:

1 fema (155 dN
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nph(€) is the ambient radiation field density. The dimensionless parameter I'; determines whether
the scattering can be described in the Thomson regime (I's < 1), in which the cross-section for

the interaction of a lepton and a photon can be approximated by the Thomson cross-section

[124], or in the Klein-Nishina regime (I'¢ > 1), which prescribes a decrease of the electron-

photon cross-section with increasing centre-of-mass energy [125].

The target photon field is characterised either by the VHE 7y-ray source itself or by accumulated

photon fields of the environment. The relevance of the target photon fields for the y-ray emission

depends on the electron spectrum and on the energy of the y rays.

Relativistic Bremsstrahlung

Bremsstrahlung radiation is released when a relativistic charged particle is deflected and hence
decelerated in the Coulomb field of another charged particle [123]. In astroparticle physics the
most efficient energy-loss occurs when relativistic electrons are deflected in the Coulomb fields
of protons and ionised nuclei. The cooling time for neutral hydrogen atoms with a density n is
given by:

1 /dE n
~-1_ ) ~ —6_—_
o = g ( - ) 26x107°—. (4.3)

The y-ray spectrum resulting from Bremsstrahlung of an electron population following a power
law distribution also follow a power law with the same spectral index.

Proton-Proton Inelastic Collisions

Protons mainly lose energy through inelastic proton-proton collisions by producing neutral and
charged pions. Whereas neutral pions directly decay into two photons after a lifetime of ~ 1016 s,
charged pions decay into secondary electrons and positrons (and neutrinos) that can again cool
via synchrotron or inverse Compton emission. The target material is provided by protons in the
ambient material. The cooling time for proton-proton collisions only depends on the density of
the target protons n, which is proportional to the density of the ambient material and the cross-
section opp

fop < NGpp. (4.4)
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More details on the estimation of the cross-section can be found in Kelner et al. [126].

Absorption through Y-y Annihilation via Pair Creation

The 7y rays emitted via radiative losses of relativistic particles can be absorbed in the accelera-
tion region immediately after being created due to photon-photon annihilation via pair production
with thermal and non-thermal photons in the acceleration region. The absorption depends on
the line of sight and hence on the orientation and dimension of the system. The threshold energy
is given by

2(m 2\2
pe = 2mec)” :

1 —eyepn

with ey and e, being the directions of the travelling y ray and photon, respectively.
The y-ray absorption leads to a reduction of the y-ray flux finally reaching Earth.

Estimation of Maximum Particle Energy

Particles start to cool via non-thermal radiative losses as soon as the accelerated relativistic
particles exceed a minimum energy Epi, 2 mec?. The maximum energy of the electrons and
protons is reached when the energy losses dominate over the particle acceleration. Thus, the
maximum energy can be estimated, by equating the acceleration timescale #,.. with the smallest
cooling rate 7.o01.min- AS the gyroradius of the particles increases with increasing energy, parti-
cles will only stay in the acceleration region when in addition the Hillas criterion is also fulfilled:

rg B oV
(1em) (1 4G)

Emax < 300 (4.6)

r¢ is the maximum gyroradius a particle can have and still stay in the acceleration region.
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4.3 Particle acceleration in the Magellanic Clouds

The large number and variety of Galactic and Extragalactic VHE vy-ray sources [127] demon-
strates that particle acceleration up to multi-TeV energies is the rule rather than the exception.
Whereas some source classes are already well established as VHE y-ray emitters, for other
source classes only single representatives have been detected. In the following, the particle
acceleration and y-ray emission mechanisms will be described for the most common VHE vy-ray
source classes — the SNRs and PWNe — as well as for y-ray binaries and pulsars. Further-
more, an introduction to the promising source class of SFRs as well as to particle acceleration
mechanisms leading to diffuse y-ray emission will be given.

4.3.1 Supernova Remnants

SNRs are the remnants of stars that exploded at the end of their lifetimes. The ejected mate-
rial propagates through the ISM in a shell and is typically seen in radio [128] or X rays (recent
review by [129]). There are two main classes of supernovae — core-collapse supernovae and
thermonuclear supernovae. Thermonuclear or Type la supernovae occur when low-mass white
dwarfs in binary systems accrete matter from their companions until the Chandrasekhar limit of
M, ~ 1.4M. is reached causing a thermonuclear explosion. Core-collapse or Type Il super-
novae are caused by massive stars (M, 2 8M.,) that have burned their central material up to the
most stable element iron until the Chandrasekhar limit is reached. This leads to a collapse until
a proto-neutron star is formed on which the outer layers of the star bounce back resulting in the
supernova explosion. In the case of the most massive stars, the proto-neutron star will further
collapse to a black hole. More details on the processes for Type la and Type |l supernovae are
given by [130—133]. Independent of the type of the supernova an average energy of ~ 107! erg
is released in the form of kinetic energy of the ejected material.

The evolution of SNRs resulting from core-collapse supernovae can be roughly described by four
main phases:

1. Free expansion (blast wave)

2. Adiabatic phase (Sedov-Taylor phase)

3. Radiative phase (snow-plow phase)

4. Dilution phase (merging into ISM).

The characteristics of the different phases are illustrated in Figure 4.4b. After the turbulences
caused by the acceleration of the envelopes through the supernova explosion have settled [135],
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Figure 4.4: Left: Schematic structure of a SNR that is expanding into a uniform low density medium [53].
Right: Evolution phases of SNRs resulting from core-collapse supernovae [134], which are described in
the text.

the ejecta expands freely into the ISM with a nearly constant velocity of ~ 10*km s~!. While
supersonically expanding into the ISM, the ambient matter is compressed resulting in a shell-
like system of two shocks as is shown in Figure 4.4a. The swept-up medium rebounds of the
ISM forming a second reverse shock propagating inwards while decelerating, compressing and
heating the unshocked ejecta. The two shock regions, the expanding shell of shocked ISM and
the inward moving shell of the shocked ejecta, are separated by the contact discontinuity. The
free expansion phase ends after ~ 10 yr when the total mass of the swept-up material equals
the mass of the original supernova ejecta. The only known SNR that is currently in the free
expansion phase is SN 1987A.

When the swept-up mass starts to dominate over the ejected mass, the remnant enters the adi-
abatic phase. At this point, the shock slows down. The supernova ejecta mixes with the shocked
gas causing an enhancement of the magnetic field inside the shell of the SNR. Prominent SNRs
in this phase are Tycho, Cas A and SN 1006. After ~ 10* yr radiative losses of the hot shocked
gas become increasingly important and the remnant enters the radiative phase. The tempera-
ture of the shock wave decreases to < 10° K, at which point radiative processes start to cool the
medium efficiently. Most of this energy is radiated as optical light. Known SNRs in this phase
are 1C 443 and W44. Continuous sweeping-up of the ambient medium further increases the
mass of the dense shell while further slowing down the shock until the latter reaches the speed
of the surrounding ISM. At this point, the shock is finally absorbed into the ISM (dilution phase).
Further details can be found in [136—139]. However, as the case of RCW 86 shows, the evolution
of SNRs is often much more complex [140].
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Cosmic rays are assumed to be accelerated via diffusive shock acceleration while crossing the
shock fronts of the SNR [113, 141-143] (more details are given in Section 4.2.2). Simple power
considerations led to the consideration of SNRs as the prime candidate sources for cosmic
rays with energies up to the "knee" (E ~ 3 x 10> eV) of the cosmic ray spectrum [144, 145].
Assuming the cosmic rays have a mean energy density of 1 —2eV cm—3 [146] and a mean
escape time from the Galaxy of Te,c ~ 107 yr [147, 148], the total power in Galactic cosmic
rays is about 10! ergs—!. With an average explosion energy of ~ 103! ergs™! and a rate of
approximately 3 per century, supernovae provide a total power of ~ 1042 erg s~ Ifon average
10% of the kinetic power is used for accelerating cosmic rays, then supernovae can provide
the measured power in cosmic rays. However, the exact fraction of energy transformed into

cosmic-ray energy is highly uncertain.

Y-ray experiments have shown that SNRs are indeed y-ray sources that emit photons up to multi-
TeV energies [63]. If SNRs are the main source of the measured hadronic cosmic-ray flux, they
would have to be predominantly hadronic accelerators producing y-rays via cosmic-ray interac-
tions with the ambient matter. Detailed MC studies showed that protons with energy E;, produce
Y-rays with mean energies of ~ 0.1E), [149]. Based on the integrated y-ray luminosity above
1TeV Ly(> 1TeV), which is the energy range this work is focussed on, the total energy in pro-
tons W, (> 10TeV) can be inferred via:

W,(> 10TeV)
10

~2.5x% 10—16(

m) X Wp(> IOTGV) S_l, (48)

where n is the number density of the target protons with n ~ 1 cm~3 for the interstellar gas and
t,0 is the cooling time of neutral pions given by

-1
tgo = ~4x 105 () s (4.9)

The cross-section for proton-proton interaction with energies above 1 TeV is assumed to be con-
stant with 6,,, ~ 50 mb [150] and the scaling factor f ~ 1/6 comes from the assumption that
protons transfer on average 1/2 of their energy into pions, of which 1/3 are neutral pions. These
power estimations will be used in Section 5.2.4.

It is still under debate whether the observed y-ray emission from SNRs is due to hadronic cosmic-
ray interactions with the ambient matter or due to leptonic interactions with the ambient photon
and magnetic fields. Depending on the environment of the SNR (i.e., the density of the ambient
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photon fields, the magnetic field strength or the available target material) either the hadronic or
the leptonic energy losses dominate the resulting y-ray spectrum. More details on non-thermal
radiative losses are given in Section 4.2.4. For old (> 10kyr) SNRs interacting with molecular
clouds, which provide high densities of target material of up to 103 — 10* cm~3 [151, 152], the
Y-ray emission is clearly associated with the acceleration of hadronic cosmic rays. The spectra
of the SNRs W28, W44 or IC 443 show a clear feature ("pion bump") below GeV energies
as predicted by hadronic models [153—-158]. However, these old SNRs typically show a high-
energy y-ray cutoff at ~ 10GeV and hence cannot explain the cosmic ray flux up to 1013 eV.
For young SNRs the interpretations are more controversial. The detections of numerous SNRs
in non-thermal radio and X-ray synchrotron radiation confirm that electrons are accelerated in
the remnants. Indeed studies of the SNR RCW 86 favour a leptonic model [159]. On the other
hand, observations of the historical SNR Tycho [160-162], a Type la supernova that exploded
in a roughly homogeneous ISM, reveal that the spectrum is only consistent with a hadronic
acceleration scenario [163]. For other SNRs like SN 1006 [164], Cassiopeia A [110, 165—169] or
RXJ1713.7-3946 [170—173] none of the models can be ruled out, leading to the conclusion that
leptons and hadrons may equally contribute to the y-ray flux [174]. Studies of RXJ1713.7-3946
indicate that the complexity of the environment around the remnant (strength of ambient photon
field, strength of magnetic field and density of ambient material) plays a crucial role in identifying
the dominant acceleration mechanism [165, 175-177].
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Figure 4.5: Spectral energy distributions of SNRs in different evolutionary stages [178].

While young (~ 10 — 10% yr) SNRs are detected at up to ~ TeV energies and have harder Y-ray

56



Section 4.3

spectra compared to the older population of SNRs, none of the detected SNRs shows evidence
for particle acceleration up to the "knee" of the cosmic ray spectrum. Figure 4.5 shows spectral
energy distributions in the energy range of ~ 100 MeV to 100 TeV for seven SNRs. The evo-
lution of the SNRs is clearly reflected in their y-ray spectra. Whereas old (= 10kyr) SNRs like
W44, W51C and IC 443 are bright at ~MeV-GeV energies with cutoffs at ~ 10GeV, middle-
aged SNRs such as RXJ1713.7-3946 and RX J0852.0-4622 show a peak in their emission at
~ TeV energies with cutoffs at ~ 10 TeV. Young SNRs have significantly lower y-ray luminosities,
although there is an indication of higher maximum energy cutoffs. It has been suggested that
very young SNRs evolving into dense environments provided by the winds of their progenitors
reach the maximum cosmic-ray energies of up to 1015 eV in the early phase of their evolution
within days to months after the supernova explosion [179—-181] through magnetic field amplifi-
cations [129, 182, 183]. The typical acceleration time for a particle of energy E in a shock with
velocity vgy and a magnetic field B can be approximated via:

cE

D
facc = Nacc5~ = MNaccN8T 57
Vh 3erSh

-2 —1
NaccN 8 Vsh B E
~1.0x10* =
. ( 30 > (10,000kms_1) (IOG) (IOOTeV) >

where D is the diffusion coefficient, Nacc iS @ numerical factor which depends on the shock

compression ratio and 7 is the gyro factor. Provided that young SNRs exhibit magnetic fields
of ~ 10 G and shock velocities of ~ 10*km s~!, maximum energies of 100 TeV can be reached
within an acceleration time of a few hours and cosmic-ray energies up to the "knee" at 3 x 105 ev
can be achieved within days to weeks. These extreme conditions can be provided by supernova
events of type IIP, IIL, Ilb and lIn (a review is given by [184]). However, no y-ray emission from
very young SNRs of these types has been detected so far and upper limits have been established
[185]. Currently the most promising candidate is the youngest SNR SN 1987A located in the LMC
and resulting from a type |IP supernova event in 1987. The analysis of SN 1987A in VHE vy rays
and the results are described in Section 6.6.2.

As there is no evidence so far that Galactic SNRs accelerate cosmic rays up to ~ PeV energies,
the questions arise of whether the population of SNRs in the Milky Way is unique and how the
Galactic population of SNRs compares to populations in other galaxies. Thus, studying the SNR
populations in other galaxies may shed light on the question of what conditions are needed to
accelerate cosmic rays up to PeV energies or if the cosmic-ray flux is produced by other source
classes.
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4.3.2 Pulsars and Pulsar Wind Nebulae

Pulsars are rapidly rotating (Ps ~ 107> — 10's 2 [186]), highly magnetised (B ~ 10'1=15 G [187])
neutron stars resulting from core-collapse supernovae of progenitors with masses of
8Mo <M <20—50M [188, 189]. Typically detected in radio wavelength and HE 7 rays, pul-
sars emit periodically pulsed non-thermal emission at all wavelengths. Only recently has pulsed
Y-ray emission up to ~ TeV energies been found from the Crab pulsar [190], the Vela pulsar
[191] and Geminga [192]. These findings challenged particle acceleration models. Pulsars are
surrounded by a dipolar field that co-rotates with the neutron star. The so called light-cylinder ra-
dius — Ry = &£ =5 x 10° (£) cm, with P being the spin period — is defined as the distance at
which the magnetic field lines would be rotating at the speed of light, and is therefore the radius at
which the dipolar field lines open. In general, charged particles (mainly electrons and positrons)
are believed to be accelerated in the gaps of the rotating magnetosphere, where the electric
field has a component that is parallel to the magnetic field lines. The non-thermal emission up to
~ GeV energies is produced via synchrotron and curvature radiation, whereas the TeV emission
seems to originate from inverse Compton scattering of ambient photons [193]. The detection of
Y rays beyond a few GeV indicates that y rays are likely produced in the outer magnetosphere as
v rays produced closer to the surface of the neutron star would undergo severe pair production
in the strong magnetic field. The exact location of these gaps is still under debate [194—196].
Other approaches suggest that particles might be accelerated in the ultrarelativistic particle wind
(striped wind topology) [197—199] or in a magnetosphere with a force-free structure [200, 201].
Reviews on the current status of different models as well as particle-in-cell (PIC) simulations or
magnetohydrodynamic (MHD) models can be found in [202-205].

Pulsars slow down as they age causing a decrease in the spin-down power — which describes

P(t)
P(r)3’

the spin period derivative. Eventually the magnetic field strength also decreases with increasing

the rotational energy-loss rate — of —E(t) o< with P being the spin period and P being

age [206], though the magnetic field also depends on the exact nature of the pulsar’s evolu-
tion. The Fermi-LAT results indicate that only pulsars with a spin-down power of > 1033 ergs™!
produce HE y-ray emission at a level that is detectable with the current generation of HE y-ray
experiments [207]. In the case of VHE y rays observations suggest that a spin-down power of
> 103 erg s~ lis required to produce VHE 7-ray emission at a detectable level for the current

generation of IACTs [190-192].

Young pulsars (< 107 yr) with a spin-down power exceeding E ~ 1033 erg s~! are able to power
PWNe that are detectable with the current generation of IACTs [208, 209]. PWNe are a class
of SNRs whose broadband emission due to the conversion of the rotational energy into elec-
tromagnetic radiation is mostly non-thermal. Hosting the most relativistic shocks of all Galactic
sources, PWNe are the only Galactic source class showing evidence for particle acceleration at

2http://www.atnf.csiro.au/research/pulsar/psrcat
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up to PeV energies (e.g., [210, 211])3. The cold ultrarelativistic particle wind of electrons and
positrons released by the pulsar, which is assumed to carry most of the rotational power of the
pulsar, is abruptly slowed down when it first impacts on the slow nonrelativistic ejecta of the SNR
surrounding the pulsar. This interaction causes a reverse shock towards the pulsar (also called
the termination shock). The highly magnetised pulsar wind close to the pulsar becomes matter
dominated when approaching the shock. At this point the pressure of the pulsar wind equals
the pressure of the plasma. Particles and magnetic field lines are randomised and the magnetic
field decreases to ~ 1 — 100 uG [213, 214]. The most commonly invoked acceleration process,
the diffusive shock acceleration, does not work at highly relativistic shocks, unless the shocks
are weakly magnetised or quasiparallel [215]. The current understanding of particle accelera-
tion mechanisms in PWNe is that particles are accelerated through magnetic reconnection in the
wind, at the termination shock and in the nebula [216, 217]. The exact shock structure and accel-
eration properties of highly magnetised shocks strongly depend on the inclination angle between
the upstream field and the propagation direction of the shock [215, 218]. As the conversion from
magnetic to kinetic energy through magnetic reconnection is very efficient, the magnetic energy
decreases rapidly behind the termination shock leading to a particle dominated wind and the
low magnetic field strengths mentioned before. However, the exact mechanisms of the particle
acceleration in PWNe are still under debate. Although multidimensional magnetohydrodynamic
models of PWNe have been able to reproduce the nebula morphology in detail, the problem of
the transition from a highly magnetised wind to a matter dominated wind is still not fully solved.
Further details on the current understanding of particle acceleration in PWNe and caveats of the
different approaches can be found in [217, 219-222].

The accelerated electrons and positrons exhibit an energy distribution that follows a power law
with spectral index I =~ 2.2 with an exponential cutoff at ~ PeV [220]. However, at low energies
the structure of the spectral energy distribution is more complex and thus a second population
of relic electrons is used to explain the radio emission [223]. When the energetic particles leave
the shock, they interact with the ambient magnetic and radiation fields. With high particle energy
conversion efficiencies of up to 30% [224] of the pulsar’s spin-down power, non-thermal radiation
is produced via synchrotron emission and inverse Compton scattering, where a main contribu-
tion comes from up-scattering the synchrotron photons from the same electron population (syn-
chrotron self-Compton) [223, 225]. The energetically subdominant inverse Compton emission
strongly depends on the spin-down power of the pulsar as well as the strength of the magnetic
field and ambient photon field. One example is the Crab nebula, which is very inefficient at pro-
ducing VHE vy-ray emission through inverse Compton scattering due to high synchrotron losses
in the strong magnetic field that exceeds the radiation energy density by two orders of magni-
tude. However, the high spin-down power can compensate for this. PWNe with magnetic fields

3There is one other location in the Milky Way where particles seem to be accelerated to up to PeV energies: in
the vicinity of the Galactic centre [212]. However, the origin of the relativistic particles here is not firmly identified
yet.
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of 10uG or less are more efficient at converting kinetic energy into inverse Compton emission
(and less efficient at converting energy into synchrotron emission) and hence can compensate
for the lower spin-down power. Observations show that only PWNe with a spin-down power of
> 10® ergs~! lead to firm identifications at TeV energies [8] as was previously predicted [208].
The fact that the synchrotron emission reaches energies with a cutoff at a few tens of MeV —
requiring particle energies of up to 1010 eV — despite the rapid synchrotron cooling time at high
energies implies that leptonic particle acceleration in PWNe seems to be an extremely fast pro-
cess [226]. On the other side, TeV emission is most likely caused by inverse Compton emission
tracing homogeneous, time-constant photon fields like the cosmic microwave background (CMB)
or IR photon fields and hence probe different acceleration timescales as the synchrotron emis-
sion. Figure 4.6 shows simulations of the evolution of the spectral energy distribution of the Crab
nebula, demonstrating that the VHE y-ray emission does not change significantly over one order
of magnitude in time 10° — 10* yr. This fact probably leads to the high fraction of sources asso-
ciated with PWNe in the VHE regime [63]. As PWNe are detectable over a large range of ages
from very young PWNe (e.g., the Crab nebula, MSH 15-52 or SHR G 0.9+0.1) to evolved stages
of there lifetime (e.g., VelaX, HESS J1825-137 or J1718-385), population studies may reveal
insights into the evolution of the population of PWNe. A comparison to the PWN population of
another galaxy may reveal the importance of the environment on the non-thermal emission of
PWNe.

10'° 10%°

10761 . — — - ‘ .
100 yr 10 9
7 500 yr
1077~ 940 yr 18
2000 yr —ememem- 10
5 -8 5000 yr —-eimm-ee-
K)E 10 10000 yr 1037
T107°
n
o
2 1071
= 107!
107!
A AV I A A T ¥ A T

Frequency (Hz)

Figure 4.6: Simulated evolution of the spectral energy distribution of the Crab nebula [227].
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4.3.3 7-Ray Binaries

The name y-ray binary covers three types of binary systems: binary systems consisting of a
massive star and a pulsar or black hole (e.g. PSRB1259-63 or HESS J0632+-057), colliding
wind binaries (e.g., 1 Carinae) and microquasars, for which y-ray emission is expected but not
yet detected [228]. As 1 Carinae is the only detected representative of the class of colliding
wind binaries [229, 230] and no microquasars have been detected in VHE vy-ray rays so far, this
section focusses on those binary systems consisting of a massive star and a pulsar or black
hole for which seven representatives have been detected at VHEs so far (PSR B1259-63 [231],
LS 5039 [232], LS1+61°303 [233], HESS J0632+057 [234], 1 FGLJ1018.6-5856 [235], PSR
J2032+4-4127 [236] and LMC P3 [100], the only Extragalactic binary). These systems consist of
a compact object (neutron star or a black hole) orbiting a massive early-type (O or Be type) star.
They all show orbitally modulated non-thermal emission over a wide range of the electromagnetic
spectrum from radio to VHE 7y rays. The spectral energy distributions are clearly dominated by
Y rays, while the X-ray fluxes are modest with hard spectra up to HE yrays. These characteristics
indicate that y-ray binaries are a distinct class of HMXBs, which are a class of binaries with the
same type of objects as in y-ray binaries but which are typically detected in X rays.

There are two favoured scenarios that explain the y-ray emission in binaries: the pulsar scenario
and the microquasar scenario (see Figure 4.7 left and right, respectively).
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Figure 4.7: Two scenarios for y-ray emission from binaries. Left: the relativistic wind of a rotation-powered
pulsar orbiting a massive (Be-type) star interacts with the stellar wind and, if present, with the Be disc.
Y-ray emission can be produced close to the pulsar, in the pulsar wind (see Section 4.3.2) or at the
termination shocks of the stellar wind and the pulsar wind, as is indicated in the figure. Right: the compact
object (either a neutron star or a black hole) accretes matter from the massive companion (O or Be type
star) through its stellar wind or Be disc or through Roche-lobe overflow in supergiant systems. A relativistic
jet may be launched. The y-ray emission is assumed to originate from the corona of the accretion disc,
within the jet or at the termination shock from the jet colliding with the ISM. Credit: [237]

In the pulsar scenario, in which the compact object is a pulsar, particle acceleration is assumed
to arise from the pulsar or from interactions of the pulsar wind with the stellar wind. Similarly
to isolated pulsars, particles might be accelerated in gaps with a non-zero electric field, or in
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the ultrarelativistic pulsar wind (more details are given in Section 4.3.2). The energy carried by
the leptonic pulsar wind is released when the pulsar wind starts to interact with the stellar wind
or the stellar disc of Be-type stars. The supersonic interaction of the winds results in a double
shock structure with a contact discontinuity separating the shocked stellar and the shocked pul-
sar wind material resulting in a bow shaped interaction region, where the bulk kinetic energy is
transferred to random motion of the positrons and electrons (see left hand-side of Figure 4.7).
Like in PWNe, particles are thought to be accelerated at magnetic reconnection sites, which can
be best described by striped wind models [197-199]. Striped current sheets originating from
the separation of oscillating opposed magnetic poles of open field lines with different polarities
compress the magnetic field of the shock triggering magnetic reconnection at the shock [216].
This scenario is more likely in binary systems as the termination shock is closer to the pulsar re-
ducing the probability of dissipation of the current sheet before arriving at the termination shock.
Further particle acceleration by "Fermi-like" processes finally yields a power-law distribution in
energy for the electrons and positrons [238]. Non-thermal emission is then radiated downstream
of the termination shock via synchrotron cooling and inverse Compton scattering at the photon
field of the luminous star. The y-ray binaries PSR B1259-63 and PSR J20324-4127 are the only
systems so far for which the pulsar wind scenario, initially introduced by [239, 240], is confirmed
[241]. A hadronic scenario seems to be unlikely for multiple reasons: as the energy loss is too
inefficient before the cosmic rays leave the system, the maximum energy that can be reached is
too low for proton-proton or proton-v interactions, and it is difficult to explain the observed y-ray
orbital modulations.

On the other hand, elongated radio emission at the position of the binaries has been interpreted
as evidence of relativistic jets. Due to the analogy of the particle acceleration processes of mi-
croquasars and active Galactic nuclei, the microquasar scenario was developed. The compact
object, either a neutron star or a black hole, accretes matter from the stellar wind, the Be disc, or
through Roche-lobe overflow causing the launch of a relativistic jet. The mechanisms by which
particles in (ultra)relativistic jets are accelerated is still not clear, as the complexity of collimated
jet formation and particle acceleration inside jets still challenges theoretical simulations. Mod-
els that are currently discussed in the literature include diffusive shock acceleration, relativis-
tic reconnection including current sheets, stochastic acceleration and magnetoluminescence.
Non-thermal emission is believed to originate from synchrotron radiation and inverse Compton
scattering photons of the ambient photon fields, but curvature radiation or proton synchrotron
radiation are also discussed. For more details on the current status on physics of relativistic jets
from active Galactic nuclei, the reader is referred to [242] and [243, 244] for the connections to
microquasars. The microquasar scenario is the preferred particle acceleration scenario for two
Y-ray binaries: LS 5039 [245] and LS 14-61°303 [246]. However, there is observational evidence
that these elongated structures can be attributed to a cometary tail of the shocked pulsar wind.
In that case, the observed VHE y-ray emission can also be explained within the pulsar scenario
[247, 248]. The detection of pulsed non-thermal emission in the known 7y-ray binaries would
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confirm the pulsar scenario, whereas detections of pulsed non-thermal radio emission would
favour the microquasar scenario as the pulsar wind pressure of radio pulsars is large enough to
prevent accretion onto the neutron star. Measurements of the mass of the compact object could
also rule out a pulsar if M < 3M.,. For a comprehensive overview of y-ray binaries, the reader
is referred to [237, 249].

The orbital modulation of the non-thermal emission (see Figure 4.8a) can be explained by y-y
absorption, cascade emission, anisotropic inverse Compton scattering and/or the eccentricity of
the orbit.

» The strength of y-y absorption of VHE photons through pair creation of electrons and
positrons with ultraviolet photons from the star depends on the geometry and the orbital
phase of the system. Head-on collisions are most efficient leading to a maximum of the
VHE vy-ray absorption at inferior conjunction, when the compact object is between the
star and the observer, whereas a minimum is reached at superior conjunction, when the
compact object passes behind the star. The intensity distribution of the resulting y-ray
emission is sketched in Figure 4.8b. However, pair production is insufficient on its own to
fully explain the VHE 7y-ray emission that is observed for LS 5039, where the VHE extrema
are inconsistent with the -y absorption [250].

+ Cascade emission, which occurs when one of the particles created through -y absorption
carries most of the energy triggering a cascade of inverse Compton scattering ultraviolet
photons and electron-positron pair creation, reduces the effective opacity by redistributing
the absorbed flux (see Figure 4.8c). Cascade emission thus leads to an additional shaping
of the lightcurves after y-y absorption [251, 252].

 Anisotropic inverse Compton scattering is caused by the dependency of the Compton
cross-section on the angle between incoming and outgoing photons, being most efficient
in head-on collisions. Thus, inverse Compton scattering is most efficient at inferior con-
junction and minimum at superior conjunction. Furthermore, relativistic aberrations focus
the emission from HE electrons along its direction of motion, wherefore the observer only
sees emission from particles moving along the line of sight, and the spectral shape varies
as scattering occurring in the Klein-Nishina regime (which dominates close to the stellar
surface due to high stellar photon field energy densities) softens the spectrum, while scat-
tering in the Thomson regime (that dominates at larger distances to the star) leads to a
harder spectrum [253]. Furthermore, the orientation of the system to the observer has an
impact on the observed y-ray emission as shown in Figure 4.8d.

« If taking the orbital parameters into account and hence accounting for the changing pho-
ton field energy densities during one orbit due to the eccentricity of the orbit, the orbital
modulation of the lightcurves only depends on the geometry of the system. The inclination
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of the binary system affects the intensity of pair production and anisotropic inverse Comp-
ton scattering and thus may explain the amplitude of the modulated y-ray emission. This
approach successfully predicts an anticorrelation between the HE and VHE modulations
in LS 5039 caused by the fact that only VHE photons are affected by Y-y absorption while
the inverse Compton light curve is the same for both energy bands; however, it cannot
explain the observed modulations in other y-ray binaries.

The exact combination of these processes varies between the individual y-ray binaries and has
to be investigated for every y-ray binary individually. The relevance of these processes for the
Y-ray binary LMC P3 is discussed in Section 6.6.1.

Next to the orbital modulation of the y-ray emission, an anticorrelation of the HE and VHE y-
ray emission is observed for some 7y-ray binaries, e.g., LS5039 and LMC P3, as is shown in
Figure 4.8a for LS 5039. As mentioned before, this anticorrelation may be explained through the
geometry of the system. Another approach explains the anti-correlation of the HE and VHE mod-
ulations with two different particle populations as the spectral components of the HE and VHE
Y-ray emission seem to be independent from each other: HE y-ray emission is not detected in all
Y-ray binaries (e.g. HESS J0632+057), the lightcurves behave differently (i.e., in LS1+61°303
and PSR B1259) and an exponential cutoff separates the HE y-ray component from the VHE
Y-ray component. As the HE y-ray spectrum resembles the spectral energy distribution of pul-
sars, the emission may originate from particles accelerated in the vicinity of the pulsar, whereas
the rest of the spectrum resembles that of a PWN leading to the assumption that VHE y-ray
emission originates from the termination of the winds in the pulsar scenario [255, 256]. Zabalza
et al. propose that the HE y-ray emission may originate from the apex of the contact discon-
tinuity between the compact object and the star, while the VHE 7-ray emission is produced in
the termination shock on the opposite side. Combined with the geometrical properties of the bi-
nary system, these different emission sites can explain the phase-shift of the HE and VHE y-ray
lightcurves [254]. Further information on models to explain the orbital modulations can be found
in [249].

Y-ray binaries are assumed to be the progenitors of HMXBs [239]. After a lifetime of ~ 10° yr,
corresponding to the spin-down timescale, the power in the pulsar wind decreases sufficiently,
so that the pressure becomes too weak to prevent accretion of the stellar wind onto the compact
object thereby suppressing the radio pulses. The pulsar wind and hence the associated non-
thermal emission is also suppressed. The resulting HMXB is characterised by higher X-ray
luminosities with curved spectra as well as X-ray pulsations indicating the spin period of the
neutron star as compact object, and they are typically not detected in radio. With a lifetime
of a few 10° yr, corresponding to the maximum lifetime of the massive companion, many more
HMXBs are detected than y-ray binaries. However, out of the estimated ~ 100 existing y-ray
binaries in the Milky Way [257] only six have been detected so far. Missing radio observations,
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Figure 4.8: Different processes that may explain the orbital y-ray modulation. (a) HE (Fermi-LAT) and
VHE (H.E.S.S)) lightcurves of the y-ray binary LS 5039 demonstrating the orbital modulation of the y-ray
emission as well as the anticorrelation between the HE and VHE y-ray lightcurve. Figure taken from
[254]. (b) Intensity of 300 GeV 7 rays of LS5039 after y-y absorption due to pair creation with photons
from the star. The intensity of the y-ray emission increases towards brighter colours. The lines denote
an absorption of 99%, 90%, 50%, 10%, and 1% (from left to right). The red dashed lines indicate the
orbit. Figure taken from [249]. (c) Spatial distribution of the VHE y-ray emission from the first generation
of pair production in the case of cascade emission in LS 5039 when the system is at superior conjunction.
The intensity increases towards brighter colours. Figure taken from [249]. (d) Orbital modulation of the
anisotropic inverse Compton emission without absorption due to pair production with stellar photons (light
blue) and after those absorption effects (dark blue). Top panel: The system is seen face-on; bottom panel:

the system is seen edge-on. Figure taken from [249].
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unknown physical parameters of the systems as well as the challenge of detecting weak y-ray
binaries in the HE and VHE regimes with the current generation of instruments may lead to a
misclassification of y-ray binaries as HMXBs. More multiwavelength observations of HMXBs and
Y-ray binaries are required to get a better understanding of their evolutionary stages as well as
their orbital parameters. The latter is especially important to resolve the orbital modulation of the
binary that may eventually lead to a detection of y-ray emission in a certain part of the orbit as
the orbit-averaged y-ray flux may not be detectable given the sensitivity of the current generation
of y-ray experiments.

4.3.4 Stellar Clusters inside Star Forming Regions

The current paradigm that Galactic cosmic rays up to the knee of the cosmic-ray energy dis-
tribution originate from SNRs is still not proven. Although VHE 7y-ray observations confirm the
presence of effective cosmic-ray acceleration in SNRs, the observed y-ray spectra indicate that
there are cutoffs in the cosmic-ray spectra below ~ 100 TeV (see Figure 4.5). In the last decade,
stellar clusters of young massive stars have gained popularity as an alternative source class to
explain the cosmic-ray flux up to ~ PeV energies. Most massive stars form in groups like gravi-
tationally bound stellar clusters or loosely bound associations and remain concentrated in these
relative compact regions until they die as a supernova at their birthplaces. Massive (> 20M.,)) O,
B or Wolf-Rayet stars typically have high mass-loss rates (1077 — 10™>M, yr—!) with supersonic
velocities (2000 — 3500 km s~ ') [258] and typical kinetic luminosities of (106 — 1037 ergs™!). In-
tegrated over time, each star releases kinetic energy into the OB association of the same order
of magnitude as that of a supernova explosion. As the first supernova events are only expected
after > 10°yr, the first period in the lifetime of a stellar cluster is dominated by stellar wind in-
teractions while supernova events become increasingly important in the second period after the
first supernova explosions inside the stellar cluster.

Figure 4.9 shows a schematic model for the acceleration and radiation processes of cosmic rays.
Simple geometric and kinetic calculations (see, e.g., Parizot et al. [259]) lead to the conclusion
that individual wind bubbles merge to form a superbubble within ~ 109 yr. Inside the superbubble
a hot, low-density medium with isolated dense clumps remains. Collisions of continuous stellar
winds in single, binary or collective processes lead to a turbulent medium with turbulent magnetic
fields. Shock fronts of supernovae exploding inside the stellar cluster propagate through the tur-
bulent medium, colliding with stellar winds as well as with the dense clumps to generate reflected
shocks, and part of the explosion energy is converted into additional amplifications of existing
magnetohydrodynamic fluctuations. SNRs inside stellar clusters are thought to become sub-

“https:/astronomycommunity.nature.com/users/210810-ruizhi-yang/posts/45984-massive-stars-as-major-
factories-of-galactic-cosmic-rays
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Figure 4.9: Schematic model for particle acceleration sites and radiation processes of cosmic rays in
stellar clusters. Cosmic rays are assumed to be accelerated inside the stellar cluster. Protons diffuse
away and lose their energy through interactions with the ISM, giving rise to VHE 7y-ray emission. Image
Credit*.

sonic before they reach the supershell and never enter the radiative phase. Therefore, most of
the explosion energy is turned into internal energy inside the cluster, by transferring a substantial
fraction of the shock energy into additional turbulences, before the shell reaches the supershell
and is thus available for particle acceleration. Cosmic rays are assumed to be mainly acceler-
ated through (repeated) diffusive shock acceleration via turbulence and magnetohydrodynamic
waves in the superbubble interior [259—261] as the expansion velocity of the superbubble shell
seems to be too small for effective particle acceleration [260—262]. The maximum energy that
can be reached is assumed to be Epax ~ 1017 eV (corresponding to the ankle of the cosmic-ray
energy distribution) [259]. This maximum energy is naturally higher (roughly one order of mag-
nitude) compared to that of isolated SNRs as the free expansion phase lasts longer and extends
to larger radii, as well as due to the presence of pre-existing turbulent magnetic fields ahead of
the shock front. However, the maximum energy crucially depends on the level of turbulence, the
magnetic field strengths and the diffusion coefficient inside the superbubble [259, 263]. Some
authors suggest in addition a continuous acceleration of injected low-energy particles through
stochastic acceleration (second-order Fermi mechanism) up to very high energies [263]. The
efficiency of converting the kinetic energy into relativistic particle acceleration is estimated to be
as high as 30% of the energy injected by stellar winds and supernovae, making stellar clusters /
associations a promising source class for particle acceleration up to the knee of the cosmic ray
spectrum.

The question of whether the observed non-thermal emission is hadronic or leptonic in origin
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is not yet solved. The diffusion length is highly energy- and diffusion-coefficient dependent.
The diffusion length of multi-TeV electrons cannot easily exceed 100 pc [264, 265]. Addition-
ally, the stellar photon field energy density inside a cluster with radius < 3 pc is ~ 100 ergcm—>
and only decreases outside the cluster, thus delivering a dense target photon field, where elec-
trons lose their energy through inverse Compton scattering while interacting with these ambient
photons. Therefore, an increased y-ray intensity towards the dense subclusters inside the su-
perbubble would be expected in the case of an inverse Compton origin of the y-ray emission.
This scenario seems to be confirmed by X-ray observations (for a review see [266] and refer-
ences therein). On the other hand, observations of VHE 7y rays indicate that the emission is
most likely hadronic in origin as the emission seems to trace the interstellar gas surrounding the
stellar cluster [267, 268]. However, Kavanagh et al. argue that the TeV y-ray emission of the
LMC superbubble 30 DorC is most likely caused by the leptonic acceleration mechanism based
on the synchrotron radial profiles and their magnetic field estimates for the superbubble [269].
More in-depth multiwavelengths studies of individual targets are required to answer the question
of the origin of the non-thermal emission. For further details the reader is referred to the reviews
by Cesarsky & Montmerle [270], Parizot et al. [259] or Kavanagh [266].

SFRs are ideal targets to search for VHE y-ray emission caused by collective wind interaction
processes as they typically host several stellar clusters and/or associations and eventually up to
a few SNRs, depending on the age of the SFR. Furthermore, as star formation is still ongoing,
they typically contain molecular clouds, which would deliver the target material for accelerated
cosmic rays to produce VHE y-ray emission.

4.3.5 Diffuse y-ray Emission

Aside from the VHE y-ray emission that can be directly linked to individual sources, a diffuse
Y-ray emission is also observed in several galaxies. While diffuse emission from the central
molecular zone is detected in the Milky Way [271, 272], the diffuse emission that is seen in the
starburst galaxies M 82 and NGC 253 seems to originate from their Galactic centres [12]. In the
case of the LMC [69], SMC [68, 108] and M 31 [273] the origin of the diffuse emission is not fully
understood, yet. Diffuse y-ray emission of the galactic disks carries unique information about the
production sites and propagation of accelerated charged particles in the galaxy, and is believed
to be the key to answer the long standing question of the origin of cosmic rays. Accelerated elec-
trons and hadrons can escape from their acceleration region and subsequently diffuse into the
ISM. The energy dependence of the cosmic-ray diffusion alters the cosmic-ray spectrum from
the source to the interaction region, where cosmic rays lose their energy via radiative processes,
and thus also affects the shape of the spectrum of the non-thermal emission. Whereas the
dominating radiative losses below ~ 100 MeV seem to be bremsstrahlung and inverse Compton
scattering (and Coulomb losses at even lower energies) due to relativistic electrons interact-
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ing with the ambient radiation fields and magnetic fields, the dominating processes at energies
above ~ 100 MeV are assumed to be the inverse Compton scattering of relativistic electrons,
synchrotron emission in the magnetic field of the ISM as well as 7%-decay into ¥ rays due to
relativistic hadrons interacting with the ISM [12, 150]. At multi-TeV energies the diffuse emis-
sion is thought to be dominated by cosmic-ray interactions with the ISM as the inverse Compton
flux from diffuse cosmic-ray electrons is suppressed by the softening of the electron spectrum in
the multi-TeV range as well as the onset of Klein-Nishina suppression of the Compton-scattering
cross-section. However, observations of the diffuse emission from the Galactic plane of the Milky
Way by H.E.S.S. indicate that at ~ TeV energies both neutral pion decay induced y-ray emission
and inverse Compton scattering are still relevant [271]. In addition, unresolved sources seem to
contribute a non-negligible fraction of the total diffuse VHE y-ray emission [68, 271].

The distribution of the parent particle population is expected to vary strongly over the galaxy
(see, e.g., [69]). On the one hand, relativistic electrons undergo severe radiative energy losses
through inverse Compton scattering of the interstellar radiation field and synchrotron radiation in
the Galactic magnetic field. Thus, the most energetic electrons do not travel far from their accel-
eration sites before they lose most of their energy. Relativistic hadrons above ~ 1 GeV usually
escape from the host galaxy and hence can travel much larger distances before they lose their
energy through interactions with the ISM. On the other hand, regions with active star formation,
where an enhanced rate of supernova explosions is expected leading to an enhanced cosmic-
ray density, can cause small-scale variations of the (V)HE y-ray emission. Whereas in these
regions a fresh relativistic particle population is traced through the observed y-ray spectrum, the
older particle population is instead traced via a diffuse y-ray emission on larger scales.

Of particular interest is the diffuse y-ray emission at 2> TeV energies. As there is no reason to
assume the diffusive shock acceleration mechanism to be different among the host galaxies, the
cosmic-ray spectrum is very likely shaped primarily by the source population of the respective
host galaxy as well as the cosmic-ray transport. Hence, a potential cutoff in the VHE y-ray spec-
trum traces the maximum energy of the relativistic cosmic rays accelerated by a distinct source
population and the spectral shape carries informations about the composition of the cosmic rays
as well as the particle diffusion in the environment of the host galaxy. However, particle acceler-
ation mechanisms may differ on short distance scales in a galaxy, as is the case in superbubbles
and may have an additional impact on the cosmic-ray spectrum. Thus, observations of diffuse
VHE vy-ray emission of galaxies can help to answer the question of the origin of the cosmic rays
and how the environment affects the cosmic-ray transport.
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H.E.S.S. Survey of the Magellanic Clouds

The Magellanic Clouds provide an ideal test laboratory for comparing the VHE y-ray source pop-
ulations of the Milky Way to source populations of other galaxies and studying the importance of
the source environments. The Magellanic Clouds contain a variety of known VHE y-ray emitting
source classes in a rather different environment compared to the Milky Way. The H.E.S.S. collab-
oration performed a survey of the Magellanic Clouds to search for potential VHE y-ray sources
and to compare the results of the source populations in the Magellanic Clouds with the Galactic
source population. The survey of the Magellanic Clouds, the general analysis procedure as well
as the systematic uncertainties of the data sets are described in detail in Section 5.1. The dedi-
cated analysis of the LMC and SMC as well as the results are presented in Section 5.2 and 5.3,
respectively.

5.1 H.E.S.S. Observations of the Magellanic Clouds

As both Magellanic Clouds are very extended sources with dimensions of 10.8° x 9.2° in the
case of the LMC' and 5.3° x 3.1° in the case of the SMC?2. Since both of these exceed or are
equal to the field of view of ~ 5° (~ 3.5°) of the small-size (large-size) H.E.S.S. telescopes, the
galaxies cannot be observed with the usual wobble mode. Instead, an observation pattern is
chosen that provides a mostly homogeneous exposure over the entire galaxy. Figures 5.1 and
5.2 show infrared images [274] of the LMC and SMC with the observation pattern overlaid in
white circles. The observation time per observation position is adjusted to guarantee a minimum
exposure of 20 h over the entire galaxy.

Thttp:/ned.ipac.caltech.edu/cgi-bin/nph-objsearch?objname=LMC&img_stamp=YES&list_limit=9&extend=no

2http://ned.ipac.caltech.edu/cgi-bin/objsearch?objname=Small-+-Magellanic+Cloud&extend=no&hconst=73&
omegam=0.27&omegav=0.73&corr_z=1&out_csys=Equatorial&out_equinox=J2000.0&obj_sort=RA-+or
+Longitude&of=pre_text&zv_breaker=30000.0&list_limit=5&img_stamp=YES
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Figure 5.1: Observation positions (white crosses) for the survey of the LMC (white circles) overlaid on
an infrared image [274] with units MJy sr~!. The radius of the circles is 1° corresponding to a 2° field of
view. Green circles belong to observations with a much deeper exposure taken previously to the H.E.S.S.
survey of the LMC. The bright Tarantula nebula is located in the south-east of the LMC. Sky maps are
shown in a Cartesian projection. North is up, east is right.

501

251

125

| -74.500

4 &
. X i
6.000 24.000 22.000 Z‘0.0‘O‘O 18.000 16.)00" 14.000 12.000 10.000 :6\5“\0

Figure 5.2: Observation positions (white crosses) for the survey of the SMC overlaid on an infrared image
[274] with units MJy sr—!. The radius of the circles is 1°. Further observations towards 47 Tucanae are
shown in green with a radius of 2° to visualise the overlap. The SMC Bar extends from the north to the
south-west of the SMC, while the Wing is located in the east of the galaxy. Sky maps are shown in a
Cartesian projection. North is up, east is right.
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Certain regions of the LMC had already been observed between 2005 and 2013, prior to the
combined survey of both Magellanic Clouds, leading to a deep exposure of ~ 180 h towards
the exceptionally bright PWN N 157B. In order to cover the remaining galaxy with a homoge-
neous exposure, the observation positions are spread towards the outskirts of the galaxy. Each
telescope pointing has an assigned priority, where the highest priority is given to observation
positions complementing the LMC core with decreasing priority towards the outskirts with lower
source densities. The LMC survey observations started in 2015 and are still ongoing. So far a
homogeneous exposure of at least 20 h has only been achieved for observation positions with
higher priorities while the outskirts at the northwest of the galaxy only gained exposure from
neighbouring observation positions with resulting exposures of as low as 0.5 h. Therefore only a
biased population study and comparison between the source populations of the LMC, the SMC
and the Milky Way can be performed. The survey will be continued in the upcoming 2-3 years.
The data set presented here was only taken with the HESSI array configuration (CT1-4). A full
coverage with a deep exposure of the LMC with CT5 was out of reach due to the smaller field of
view of CT5 and missing exposure towards the LMC core, as the first data sets towards N 157B
were taken before CT5 was incorporated into the H.E.S.S. array.

For the SMC, each observation position is observed for 20 h. Due to overlapping fields of view
of the observation positions the deepest exposure is reached towards the SMC Bar, where most
of the young stellar populations are located due to the increased star formation rate in the last
Myrs. One observation position covers the Wing, where major star formation episodes occurred
in the recent past. The SMC survey by H.E.S.S. was performed between 2014 and 2015 and
the data were mainly taken in the hybrid array configuration (CT1-5) with the HESSI and HESSII
cameras. Due to the HESSIU camera upgrade that started in 2015, CT1 was not available during
the observations taken in 2015. The data set is complemented by a few observations performed
in subarrays of CT5 mono, CT1-4 and a set of archival CT1-4 data taken between 2005 and
2012. Additionally, the SMC data set profits from observations taken of the globular cluster 47
Tucanae located inside the Milky Way, which has an angular separation of only 2.3° to the SMC
centre. Those observations are indicated in Figure 5.2 with green circles with a radius of 2°.

5.1.1 Introduction to the Data Sets

Large variations in atmospheric conditions as well as optical efficiencies of the telescopes in the
data sets, taken over a long period of time, were addressed through the data quality selection
(see Section 3.1.3) and a muon based calibration (see Section 2.2.3), respectively. The more
stringent spectral quality selection criteria are applied to ensure a high quality of the large-zenith-
angle data sets mostly taken under moderate weather conditions (cloudy sky and partly raining
season in Namibia) and hence reduce the data set related systematic uncertainties. The cut on
the run duration is reduced to > 5 min to include truncated runs due to the end of the night, or
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due to the interruption of a run to observe a transient source with a higher priority.

In the case of the CT1-4 data sets, only those observations with at least three operational tele-
scopes are included to improve the reconstruction of the event arrival direction.

In the case of the CT5 data set, the cut on the atmospheric transparency coefficient has to be
excluded from the run selection, as it was not available for the data set presented in this thesis
when the analysis was conducted. Only recently have preliminary atmospheric transparency
coefficients for the data set become available and thus they are used to estimate the systematic
uncertainty on the flux due to increased atmospheric variations within the CT5 data set (for more
details see Section 5.1.3).

The final exposure of the data sets, for which the analysis is presented in this work, is shown
in Figure 5.3. SMC and LMC contours based on IR images from the Multiband Imaging Pho-
tometer (MIPS) on the Spitzer Space Telescope [274] are overlaid in green. Due to non-equal
exposures for the CT1-4 and CT5 observations towards the SMC and increasing systematics
for the combined (CT1-5) data set (as explained in Section 5.1.3), the data set on the SMC is
split and presented separately for CT1-4 and CT5; this gives the advantage of a lower energy
threshold for the CT5 data set.

The LMC has a deep exposure of up to ~ 200 h towards PWN N 157B located in the LMC core.
However, as the LMC survey is not concluded yet, the minimum exposure towards the outskirts
gradually decreases down to ~ 0.5 h for the outermost sources that are covered by the survey.
In the case of the SMC, the deepest exposure is achieved towards the east of the SMC Bar
which profits from the data set taken on 47 Tucanae. The SMC Bar has a minimum exposure of
~ 40h (~ 20h) with a maximum of up to ~ 60h (~ 40 h) while the entire SMC has a minimum
exposure of ~ 15h (~ 7h) for the CT1-4 (CT5) data set.

The extend to which the results can be compared between the Magellanic Clouds and to the
Milky Way will be discussed in Chapter 6.
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Figure 5.3: Acceptance corrected live-time (in units of [h]) maps for the presented data sets of the SMC
and LMC: (a) SMC: CT1-4, (b) SMC CT5, (c) LMC. Overlaid in green are 70um IR contours (1,10, 100
MJy sr—1) [274]. Sky maps are shown in a Cartesian projection.

5.1.2 General Analysis of the Data Sets

Data sets of observations taken in a survey mode require a different analysis strategy from data
sets of an individual source taken in a wobble mode. Whereas for individual objects mainly the
source itself is of interest, for a survey data set the entire observed field must be investigated as
potential VHE 7y-ray sources may be located anywhere in the observed field. Therefore, a few
adaptations are made to the analysis that are described in more detail in the following section. In
order to guarantee a mostly unbiased comparison of the different source populations among the
Magellanic Clouds, the same analysis is applied to the data sets of both galaxies, if not otherwise
stated.

This work makes use of a multivariate analysis technique of boosted decision trees for the
Y-hadron separation in combination with the template-based likelihood fitting method ImPACT
for the event reconstruction (described in more detail in Section 3.1.4). Standard cuts are ap-
plied during the analysis as they were optimised to yield unbiased results for most of the known
VHE vy-ray sources.
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An energy reconstruction accuracy of ~ 15% and a direction reconstruction accuracy (radius of
PSF) of ~ 0.08° +0.004° (~ 0.15°+0.02°) for the CT1-4 (CT5) data set is achieved. The PSF is
slightly worse compared to the nominal values of 0.07° (0.13°) due to the large zenith angles of
the observations and the large offset distribution between observation position and test position
in the data sets.

Survey sky maps are produced on a run-by-run basis; each observation run is analysed indi-
vidually, and all the individual sky maps are then summed up to produce the total survey sky
maps, which are presented in a Cartesian projection in equatorial coordinates (J2000). As sys-
tematic effects in the event reconstruction increase with increasing offset to the camera centre,
only those events with a reconstructed primary photon direction within a radius of 2° (1.3°) of
the camera centre are included in the final event maps, resulting in an effective field of view of
4° (2.6°) diameter for the CT1-4 (CT5) data set (more details are given in Section 5.1.3). In
addition, energy cuts have been applied to the reconstructed event energies to reduce system-
atic uncertainties in the energy reconstruction from an increasing bias towards the lower energy
threshold of the observations. To guarantee a mostly unbiased flux estimation, additional energy
cuts have been applied to obtain a uniform energy threshold over the entire field of view. The
resulting energy thresholds are 1 TeV and 400 GeV for the CT1-4 and CT5 data set, respectively.
For further details on the computation of the energy thresholds, the reader is referred to Section
3.1.6.

The y-ray like background is estimated via the ring background model as it is best suited for the
computation of sky maps (see Section 3.1.5). For each position in the field of view, the back-
ground is estimated in a ring with constant ring radius of 0.7° around this position. Exclusion
regions are defined iteratively to exclude significant y-ray emission from the background estima-
tion to avoid an overestimation of the background level. After a first analysis, in which only known
sources are excluded from the background estimation, exclusion regions are defined for regions
exceeding a significance threshold of 4.5 ¢. This procedure results in an exclusion region of
0.35° around the globular cluster 47 Tucanae in the case of the SMC as well as two additional
exclusion regions (besides the three known sources N 157B, 30 DorC and N 132D) in the case of
the LMC: i) an exclusion region of 0.25° around a newly discovered source, spatially consistent
with the y-ray binary LMC P3 (more details are given in Section 6.6.1) and ii) an exclusion region
of 0.25° around an unidentified "hot spot" at RA = 80.146° and Dec = —68.889°.

The run-wise instrument acceptance maps are generated based on the data itself for the same
energy thresholds as were used for the event sky maps. Deviations from a radially symmetric
acceptance profile are negligible due to a low level of night-sky background and a low number of
exclusion regions (more details are given in Section 5.1.3).

Sky maps (e.g., significance or flux upper limit maps) are computed based on the total survey
sky maps, where, for each pixel in the field of view, all on and off events in the region of interest
from all individual sky maps are summed. The background normalisation factor & is computed
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Y 09, s being the sum of all solid angles in the respective off regions. Significance and flux

accordingly with o¢ = , with ¥ ©,, being the sum of all solid angles of the on region and
(upper limit) maps are then computed pixel-wise for a correlation radius ®.,; = 0.071° (0.126°)
for the CT1-4 (CT5) data set following the descriptions of Section 3.1.7 and 3.1.8.

5.1.3 Systematic Uncertainties of the Magellanic Cloud Data Sets

The LMC and SMC data sets cover a large observational phase-space (e.g., atmospheric con-
ditions, instrument response or zenith angles), which may lead to significant variations in the
parameter phase-space between sources (e.g., zenith angles, source offsets to the telescope
pointing). To guarantee a mostly unbiased flux comparison of intra- and inter-Galactic popula-
tions, the systematic uncertainties of the data sets are investigated in this section while mainly
following the descriptions in Section 3.2.

In Section 3.3 it was shown that the systematic uncertainties only marginally vary for a wide
range of observational parameters such as the exposure, the mean zenith angle and the mean
offset of the source to the observation position. Therefore, the systematic uncertainties for the
data sets of the Magellanic Clouds are estimated for the total data sets and are assumed to be
valid for all positions in the field of view even though they cover a wide range in exposure or
offsets to the observation position.

As the observational conditions (e.g., the observation strategy, minimum exposure or zenith an-
gle distribution) for the SMC and the LMC are roughly comparable, the systematic uncertainties
are investigated using the SMC data sets (for both the CT1-4 and CT5 data sets). The resulting
cuts and systematic uncertainties of the CT1-4 data set are then applied to the LMC data set
as well, to guarantee a mostly unbiased comparison of the fluxes between the SMC and LMC
source populations.

Systematic Uncertainties in the Background Estimation

Systematic uncertainties in the background estimation mainly originate from increasingly large
uncertainties in the event reconstruction at low energies. These uncertainties also increase with
increasing zenith angles of the observations as well as increasing event offsets to the camera
center.

The mean zenith angle for both SMC data sets is 50°. As the amount of available off-data
decreases with increasing zenith angle, the available statistics of those off-runs may not be suf-
ficient to determine a representative acceptance profile for the underlying data set. This fact is
even more relevant for the CT5 data set as CT5 has only been operational since 2012 and even
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Table 5.1: Background estimation with different accep-
tance modelling.

Acceptance model CT1-4 CT5
mean | o | mean| o

data itself -0.047 | 0.99 | -0.054 | 1.03

off-data -0.028 | 1.00 | -0.043 | 1.14

mean and ¢ are the mean and the width of a Gaussian
distribution fitted to the significance distribution.

less off-data are available for CT5 data sets at large zenith angles. A comparison of the back-
ground estimation — computed by using acceptance profiles from off-data and by determining
the acceptance profile from the data itself — is summarised in Table 5.1 for both the CT1-4 and
CT5 data sets. If the background estimation is purely dominated by statistical fluctuations, the
significance distribution of the background events is expected to follow a Gaussian distribution
with a mean of 0 and a standard deviation of 1. Any deviation from a Gaussian distribution is
a potential indicator of systematic uncertainties during the background estimation that can be
caused by, amongst other reasons, one dimensional acceptance profiles deviating from the ac-
tual two dimensional acceptance of the underlying data set and hence will lead to an over- or
underestimation of the y-ray background. Whereas for the CT1-4 data set, there is almost no
difference in the background estimation using the two methods, the CT5 data set shows a clear
preference for the acceptance determination from the data itself; this may be due to the lack of
statistics for large zenith angle off-data, the interpolation of the off-data to match the observa-
tional zenith angle, or differences in the shapes of the instrument acceptance.

A further check of the significance sky maps in different energy bins showed hotspots at higher
energies (2.5 — 6.3 TeV) when using acceptance from lookups for the CT5 data set. These
hotspots are caused by strongly deviating acceptance profiles towards the observation position,
between the acceptance determination from lookups and based on real data. When using ac-
ceptance from lookups for energy ranges above ~ 1 TeV for the CT5 mono data, the acceptance
is underestimated for regions close to the observation position; this leads to an underestimation
of the background close to the observation position (or an overestimation of the background in
the surrounding ring) and hence an overestimated y-ray flux towards the centre of the field of
view which can even lead to a significant fake y-ray emission.

Both tests show a clear preference for acceptance determination from the data itself for the CT5
data set and hence acceptance profiles from data are used for all analyses results presented in
the following. For consistency reasons the acceptance profile is determined from the data itself
for both the CT5 and CT1-4 data sets.

In addition, the one dimensional acceptance profile is smoothed by a polynomial of sixth degree
over 150 bins or a polynomial of third degree over 40 bins for the CT1-4 and CT5 data set,
respectively, to eliminate ring-like features in the acceptance due to low statistics.
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Another systematic uncertainty is caused by a combination of the changing atmospheric depth
— which varies significantly over the field of view of 5° (3.5°) of the CT1-4 (CT5) telescopes for
observations at zenith angles of > 50° — and the presence of truncated events arriving at the
edge of the field of view. The absorption of Cherenkov light in the atmosphere 7, increases with
increasing atmospheric depth at increasing zenith angles z as Typs o< cos(z). The effect increases
with decreasing y-ray energy, causing an increased energy threshold with increasing zenith an-
gles. On the other hand, truncated events at the edge of the field of view are more likely to be
misreconstructed (towards lower energies) leading to an increased systematic uncertainty with
increasing event offsets to the camera center at the lower end of the energy scale (see Section
3.1.6). If no cut on the energy threshold is applied to the data sets of the Magellanic Clouds, the
significance distribution of CT5 broadens significantly (o = 1.58) indicating increased systematic
uncertainties in the background estimation. For the CT1-4 data set the systematic uncertainties
are negligible (o = 1.027), which is most likely due to the improved event reconstruction in a
stereo mode. The gaussian width can be estimated by ¢ = /062, + Gszyst, where Oy = 1. A
width of o = 1.58 results in o5y = 1.22. In this case, the systematic uncertainties are more sig-
nificant than the statistical uncertainties. Therefore, two cuts are applied to the data sets: first,
a cut on the reconstructed primary photon direction at 2° (1.3°) for the CT1-4 (CT5) data set
and second, a cut on the energy threshold. As the Magellanic Clouds are observed in a survey
mode, potential y-ray sources are spread over a range of offsets to the camera centre. As the
energy threshold increases with increasing offset to the camera center, a conservative energy
threshold at the maximum event offset of 2° (1.3°) from the observation position is applied to
each individual run of the CT1-4 (CT5) data set. These cuts reduce the systematic uncertainties
in the background estimation of the CT5 data set significantly, resulting in a gaussian distribution
with a width of 0 = 1.15 and hence a systematic uncertainty with ogys = 0.57.

However, these energy thresholds vary from run to run due to the variation of the zenith angles
which range between 48° and 57° within the data sets. Figure 5.4 shows the distribution of en-
ergy thresholds for both data sets of the SMC. The energy thresholds of the observations mainly
range between ~ 700GeV and ~ 1TeV (300 GeV and 400 GeV) for the CT1-4 (CT5) data set.
Due to overlapping observation positions, the energy thresholds of the single observation posi-
tions average out to give a more homogeneous data set energy threshold. However, the y-ray
statistics close to the energy threshold vary strongly depending on the potential source location
in the field-of-view and the number of observations contributing statistics in a certain energy
range. To ensure that the population study is not biased by low statistics close to the energy
threshold, a conservative energy threshold of 1 TeV and 400 GeV is chosen for the CT1-4 and
CT5 data set, respectively. An inspection of the energy threshold distribution of the LMC data
set with energy thresholds ranging between ~ 500 GeV and ~ 1 TeV confirmed the validation of
applying an energy threshold of 1 TeV to the LMC data set as well.

A summary of the quality of the background estimation after applying the different energy cuts
is given in Table 5.2. The mean and width of the Gaussian distribution that best describes the
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Table 5.2: Background systematics after application of energy cuts.

Energy cuts CT1-4 CT5
mean | sigma | mean | sigma
None 0.041 1.027 | 0.267 | 1.577
Safe Energy Threshold | 0.024 | 1.008 | 0.324 | 1.153
1TeV /400 GeV -0.054 | 0.992 | 0.298 | 1.105

significance distribution of the background are given for the background estimation under three
scenarios: 1) without applying any energy cuts, 2) after applying the safe energy threshold cut,
and 3) after applying the energy cut of 1 TeV and 400 GeV for the CT1-4 and CT5 data set, re-
spectively. While the effect of applying different energy cuts is less significant for the CT1-4 data
set, the background estimation is significantly improved for the CT5 data set after applying all
cuts, due to the lower energy threshold of the telescope.
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Figure 5.4: Energy threshold distribution for all runs of the (a) CT1-4 and (b) CT5 data sets.

Instrument Related Systematic Uncertainties

Instrument related uncertainties are mainly caused by the atmosphere, the camera and the read-
out. Following the description in Section 3.2, the data set related systematic uncertainties are
summarised here.

To estimate the systematic uncertainties caused by seasonal variations in the atmospheric den-
sity profile, the same approach as for the bow shocks is applied (see Section 3.3.2). The ob-
servations of both data sets (CT1-4 and CT5) are taken between the months of July (Namibian
winter) and December (Namibian summer), covering the most extreme variations in atmospheric
density profiles. Therefore, the maximum systematic uncertainty on the energy scale of 4% is
assumed for both data sets, which is converted into a systematic uncertainty on the flux of 5%
via Equation 3.10 by assuming a spectral index of I' = 2.3.
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The systematic uncertainty due to the zenith angle dependent atmospheric transmission is es-
timated using Equation 3.8 and Equation 3.10. In Section 3.3.2 it is shown using the sample of
bow shocks that the systematic uncertainties are consistent for zenith angle variations of ~ 5°.
Thus, the mean observational zenith angle of 50° is used to estimate the systematic uncertainties
due to the zenith angle dependent atmospheric transmission, which is estimated to contribute a
systematic uncertainty on the flux of 11%.

The systematic uncertainties due to broken pixels is conservatively assumed to be 5% for both
data sets and the systematic uncertainties due to dead time estimations are estimated to be less
than 1% for the CT1-4 data set and 5% for the CT5 data set, as detailed in Section 3.2.2.

Data Set and Analysis Related Systematic Uncertainties

The Magellanic Clouds data sets are gathered over a long period of time and hence observa-
tional conditions and instrument responses may vary strongly. Variations in the atmospheric
transmission between individual observations can significantly increase the systematic uncer-
tainties of the data set. Furthermore, systematic uncertainties in the background estimation may
increase due to varying statistics in data sets covering a large region in the sky. These data set
as well as analysis dependent systematic uncertainties are estimated in the following.

The systematic uncertainty on the flux due to short-term variations in the atmospheric trans-
mission is estimated based on the rms of the atmospheric transparency coefficients of every
individual run in the data set, for both data sets separately, and is estimated to 8% and 28%
for the CT1-4 and CT5 data set, respectively. The significantly higher systematic uncertainty in
the CT5 data set compared to the CT1-4 data set originates from the fact that the data quality
selection of the CT5 data set was done without taking the atmospheric transparency coefficients
into account (see Section 5.1.1) leading to a larger variation in the atmospheric transparency
coefficients in the CT5 data set.

Another systematic uncertainty on the measured flux originates from the systematic uncertainty
in the background estimation. Unlike for individual sources with significant y-ray emission, a
common systematic uncertainty for the entire data set is estimated here. As the iterative ap-
proach to find exclusion regions revealed no significant y-ray emission in the SMC (and only
4 point-like sources in the LMC) it can be assumed that the sky maps mainly show statistical
fluctuations. Thus, established methods like variations in the signal-to-noise ratio for different
observation positions cannot be used for the data sets of the Magellanic Clouds. However, the
widths of the background significance distributions for both data sets (see Table 5.2) indicate that
the systematic uncertainties are subdominant over the field of view compared to the statistical
uncertainties, with Ogys < 0.504. Therefore, a systematic uncertainty of 1% on the background
estimation is assumed for the entire data set, in agreement with the findings by H.E.S.S. Collab-
oration (2006) [275]. As the background estimation for the sky map production is done with the
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ring background model, the radially decreasing y-ray acceptance as well as edge effects (due to
regions for which the background can only be estimated based on truncated rings) may cause
systematic effects over the field of view of a telescope pointing. Therefore, the individual on and
off event sky maps are used to identify such systematic effects. For every observation position,
all available individual on and off event sky maps are summed up to increase the statistics. The
on and off events are summed divided into 20 right ascension bins and 30 declination bins in a
grid centred on the observation position. By using Equation 3.1, a significance distribution along
the slices is estimated and fitted with a straight line. Figure 5.5 shows the significance distribu-
tion for one observation position for both data sets along the right ascension and declination axis
as an example. Although there is no evidence for increased systematic effects towards the edge
of the field of view, a gradient of ~ 0.2¢ per degree is found over the field of view, resulting in a
dependence of the systematic uncertainties on the position in the field of view. This systematic
uncertainty is not included in the total systematic uncertainty of the data set, but shows that the
results of the analysis should be taken with a grain of salt.

Finally, the systematic uncertainties of the background estimation are validated in several energy
bins, confirming the increasing systematic uncertainties towards the lower energy threshold and
thus the need for the energy cuts determined in Section 5.1.3.
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Figure 5.5: Significance distribution along the right ascension and declination axis (in camera coordinates)
for the CT1-4 and CT5 data set. A significance gradient of ~ 0.2¢ per degree is found over the field-of-
view.

All relevant systematic uncertainties are summarised in Table 5.3. The total systematic uncer-
tainties add up to 16% and 31% for the CT1-4 and CT5 data set, respectively. Thus, a systematic
uncertainty of 16% is also applied to the LMC data set. Unless otherwise stated, these system-

atic uncertainties are taken into account when estimating any fluxes or flux upper limits, as
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Table 5.3: Systematic uncertainties on the flux measurement for the SMC data sets.

Uncertainty | CT1-4 [ CT5
MC Shower interactions 1% 1%
MC Atm. density profile 5% 5%
Atmospheric transmission | 11% | 11%
Broken pixels 5% 5%
Dead time 1% 5%
Background estimation 1% 1%
Run-by-Run variability 8% 28%
Total 16% | 31%

described in the following sections.

5.2 Analysis of the Large Magellanic Cloud

This section focusses on the analysis and results of the LMC survey data sets. The H.E.S.S.
survey data set together with the results will be described in Section 5.2.1. Section 5.2.2 con-
centrates on the upper limit estimation. In Section 5.2.3 the selected H.E.S.S. source candidate
catalogues are presented, followed by the description of the flux upper limit catalogues in Sec-
tion 5.2.4. A comparison of the source populations in the Magellanic Clouds and in the Milky
Way are given in Chapter 6.

5.2.1 Characterisation of the LMC Data Set

At the distance of the Magellanic Clouds all known Galactic y-ray source classes, such as SNRs,
PWNe, pulsars or y-ray binaries, can be assumed to be point sources for the H.E.S.S. tele-
scopes. Therefore, a point-source analysis with a @2 cut of 0.005 degz, which corresponds to a
PSF with radius of ~ 0.07°, is performed and all sky maps described in the following are corre-
lated with this radius. For all analyses a lower energy threshold of 1 TeV is applied. In the case
of the upper energy threshold, the value chosen depends on the purpose. When estimating
the significance of the y-ray emission for a certain location, all reconstructed events above the
energy threshold are considered. The maximum energy is given by the maximum reconstructed
event energy for each location in the field of view. If a flux, sensitivity or flux upper limit is derived,
only events with reconstructed energies between 1 — 10 TeV are considered to ensure that a lack
of instrument sensitivity at higher energies does not influence the flux estimations; note that this
may result in too optimistic estimates. The derived flux is then extrapolated to an energy range
of 1 — 100 TeV. More details will be given in Section 5.2.2.

Figure 5.6a shows a map of the integrated sensitivity in the energy range 1 — 100 TeV for a point-
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like y-ray excess that refers to the nominal 5o threshold, that is used as a definition for a signif-
icant y-ray emission. Towards the Tarantula nebula, in the region with the deepest exposure, a
point-source flux sensitivity of as low as ~ 8 x 10~19m~2s~! is reached, which corresponds to
an integrated luminosity of L ~ 1.2 x 103 erg s~!. Towards the outskirts of the LMC a signif-
icantly reduced point-source flux sensitivity level of > 10 3m=2s~! (L > 1.5 x 10%%ergs™!) is

reached.

A sky map of the significance of the measured y-ray excess is shown in Figure 5.6b. Significant
emission is found for the known sources: the PWN N 157B and the superbubble 30 DorC. A
hint of an increased y-ray excess is found at the positions (RA = 80.15°, Dec = —68.89°) and
(RA = 84.00°, Dec = —67.59°). While no counterpart at other wavelengths is found for the
former position, the latter position is coincident with the recently detected y-ray binary LMC P3
[276]. This position is investigated in more detail in Section 6.6.1. For the rest of the field of
view no significant y-ray emission is seen and the significance distribution is compatible with
background only. When comparing the integrated flux in the energy range of 1 — 100 TeV of
PWN N157B of 7.2 x 1072m2s~! with the sensitivity sky map shown in Figure 5.6a it can
be concluded that it is unlikely that the LMC contains another y-ray source as powerful as PWN
N 157B. However, due to the limited exposure towards the outskirts of the LMC, another powerful
Y-ray emitter in the LMC cannot be ruled out until the LMC survey has been completed.

Based on the derived y-ray excess, upper limits on the integrated flux for selected potential y-
ray sources are estimated (see Section 5.2.2). These upper limits are used as the basis for a
comparison of the y-ray source population in the SMC, the LMC and the Milky Way in Chapter 6.
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Figure 5.6: (a) Integrated sensitivity (in units of m~2s~!) in the energy range of 1 — 100 TeV for a point-like
Y-ray excess with a significance of > 5c. (b) Significance (in units of o) for point-like y-ray emission above
an energy threshold of 1 TeV. The sky maps are correlated with a radius of ® = 0.07° and are shown in a
Cartesian projection. Contours are the same as in Figure 5.3.
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5.2.2 Estimation of Integral Flux Upper Limits

Significant y-ray emission is only found for four sources in the LMC, while the rest of the data
set is background dominated. As potential sources of y-ray emission below the sensitivity of
the H.E.S.S. instrument may be distributed over the entire galaxy, integrated flux upper limits are
estimated for the whole field of view to constrain the potential y-ray flux for the entire population in
the LMC. The integrated flux upper limits are estimated following the approach by Rolke et al., as
described in Section 3.1.8. The lack of statistics above 10 TeV due to a decreasing instrumental
sensitivity with increasing y-ray energies may lead to an underestimation of the integral flux.
Therefore, the integral flux upper limits are derived based on the reconstructed events within an
energy range of 1 — 10 TeV and are then extrapolated to an energy range of 1 — 100 TeV. A y-ray
spectrum following a power law with index I" = 2.3 is assumed. The upper limits are estimated
for a confidence level of 95% while taking into account the systematic uncertainties obtained for
the CT1-4 data set of the SMC.

For individual y-ray source candidates, the more accurate reflected region background model
is usually applied for the flux reconstruction and hence the integral flux upper limit calculation
(for more details see Section 3.1.5). However, analysing every potential y-ray source separately
would result in a huge computational effort for a survey with a large field of view. Therefore, the
integral flux upper limit estimation is based on the ring background model. To ensure that the
upper limits estimated using the ring background model are not biased compared to the upper
limits obtained from dedicated analyses for point-like y-ray sources, integral flux upper limits are
estimated based on both background rejection approaches for a representative sample of test
positions in the field of view, and the results are compared. This comparison is also done for the
SMC CT5 data set.

The comparison of the integral flux upper limits for a range of mean offsets between test position
and observation position is shown in Figure 5.7. No systematic bias between the integral flux
upper limits is found. For more than 95% (84%) of the test positions in the CT1-4 (CT5) data
set the ratio of the integral flux upper limits is less than a factor of 2, which is less than the
variation caused by statistical fluctuations. The difference in the integral flux upper limits is
caused by the difference of the background levels estimated with either the ring background or
the reflected region background model. Thus, estimating integral flux upper limits based on the
ring background model is a valid approach for large data sets.

The resulting sky map containing the estimated integral flux upper limits for VHE y-ray emission
from sources that appear point-like for the H.E.S.S. instrument is shown in Figure 5.8. All integral
flux upper limits that are listed in the following sections are extracted from these upper limit sky
maps, if not otherwise specified.
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Figure 5.7: Ratio of the integral flux upper limits, estimated by applying the ring background mode! and the
reflected region background model for the background rejection as a function of the mean offset between
the test position and the observation position for both data sets: (a) CT5, (b) CT1-4.
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Figure 5.8: LMC sky map of the integral flux upper limits (in units of m~2s~!) within an energy range of
1— 100 TeV. Upper limits are given for a 95% confidence level with an assumed spectral index of I' = 2.3.
Systematic uncertainties of 16% are taken into account. Correlation radii and coordinate system are the
same as in Figure 5.6. Contours are the same as in Figure 5.3.
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5.2.3 The H.E.S.S. Source Candidate Catalogue of Potential VHE y-Ray
Sources in the LMC

For a number of potential VHE y-ray sources non-thermal emission has been detected in other
wavelengths (mainly in radio oder X rays), indicating that their VHE 7-ray flux may be just below
the sensitivity threshold of the H.E.S.S. instrument. Some of these sources were indeed thought
to be powerful VHE y-ray emitters similar to PWN N 158A [277]. Flux measurements as well as
flux upper limits in the VHE regime can thus help to constrain models for the y-ray production
mechanisms in sources located in environments such as those found in the Magellanic Clouds.
H.E.S.S. source candidate catalogues of confirmed non-thermal radiation emitting sources are
compiled and the results for these sources are extracted from the sky maps at the respective
source location. For all sources that do not show significant VHE y-ray emission, integral flux
upper limits are reported. Only catalogues with established y-ray source classes are used, as
the expectation to find a new y-ray source class is rather low due to the lower y-ray flux that
is expected from the LMC compared to the Milky Way. Therefore, no HIl regions — containing
potential young stellar objects, young massive stellar clusters or globular clusters — are con-
sidered here. The following confirmed y-ray source classes are considered in this work: SNRs,
PWNe, HMXB (as potential y-ray binaries) and pulsars.

The list of SNRs is taken from Maggi et al. [97], which contains the first comprehensive cata-
logue of SNRs detected in non-thermal X rays in the LMC. This catalogue contains 59 confirmed
SNRs including N 132D, for which VHE emission has already been detected by H.E.S.S. [23].
For three SNRs in the sample, a PWN is either detected in their centre or there is strong evidence
for an embedded PWN; thus, these objects are listed twice — in the H.E.S.S. source candidate
catalogue of SNRs as well as in the H.E.S.S. source candidate catalogue of PWNe.

One of these three PWNe is N 157B [278], the most powerful VHE y-ray emitting PWN detected
so far [23]. Among the other two PWNe is the promising PWN N 158A [279], for which VHE 7y-ray
emission at a level detectable by H.E.S.S. was predicted [277], and J0531-7100 [280]. Together
with the PWN J0453-6829, which was detected in X rays [281], the resulting H.E.S.S. source
candidate catalogue for PWNe comprises four sources. Additional information that is not pro-
vided in the respective detection paper is taken from the ATNF catalogue® [282]. An additional
SNR (DEM L241) is discussed to be a composite SNR [283] in the literature, but more recent
studies disfavour a PWN morphology inside the remnant [284]; therefore, this source will not be
included in the H.E.S.S. source candidate catalogue of PWNe.

In the case of the y-ray binaries, only one source (LMC P3) has been firmly detected in HE y-rays
with Fermi-LAT [276]. As this source has been previously classified as a HMXB [285], (V)HE -
ray emission from sources classified as HMXB should not be ruled out. Apart from LMC P3,
pulsed radio emission has also been detected for one other HMXB (1A0535-668) [286], making

3An updated version of this catalogue can be found here: http://www.atnf.csiro.au/research/pulsar/psrcat.
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this source a potential candidate y-ray binary. The H.E.S.S. source candidate catalogue of -
ray binaries is complemented by sources from the HMXB catalogues compiled by Antoniou and
Zezas [98] and Jaarsveld et al. [99] with a few parameters taken from Vasilopoulos et al. [287].
The list of (isolated) pulsars for which non-thermal emission was detected is rather short. The
pulsars that are associated with HMXBs are excluded here. Except for the two pulsars PSR
J0537-6910 and PSR J0540-6919, powering the two PWNe N 157B and N 158A, respectively,
all other isolated pulsars detected in the LMC are comparably old (= 10° yr) and exhibit a compa-
rably low spin-down power (< 1033 erg s~!) compared to the pulsars detected at ~ TeV energies.
So far, only pulsars with a spin-down power of > 103* erg s~! have been detected at ~ TeV en-
ergies with the current generation of IACTs. However, the different environment in the LMC may
result in a more efficient particle acceleration or lead to more efficient radiative losses and thus
result in significant VHE y-ray emission. Therefore, a H.E.S.S. source candidate catalogue for
all LMC pulsars is compiled based on the ATNF catalogue.

The distribution of the selected sources in the H.E.S.S. source candidate catalogue over the
LMC is shown in Figure 5.9.
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Figure 5.9: Distribution of the selected sources over the LMC, overlaid on an IR image [274]. Contours
are the same as in Figure 5.3. The sky map is shown in a Cartesian projection.
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5.2.4 Results for the LMC Sources in the H.E.S.S. Source Candidate Cat-
alogues

Apart from the PWN N 157B, significant VHE y-ray emission is not found for any of the LMC
sources in the H.E.S.S. source candidate catalogue. The significance distributions for the source
classes in the H.E.S.S. source candidate catalogue are shown in Figure 5.10. The distributions
roughly follow a Gaussian distribution centred on 0; the broadening of the distributions (width
> 1) is most likely due to the low number of sources or due to the large survey data set. An
accumulated VHE y-ray emission in all sources of a source class is not expected.

To put constraints on the VHE y-ray flux, integral flux upper limits are extracted from the integral
flux upper limit sky map. The results for all SNRs, PWNe, HMXBs and pulsars are presented in
the tables in Appendix A1. Source coordinates and additional source properties like the diameter,
spin period, spin derivative, spin-down power and orbital period, are taken from the catalogues
in the literature.

For a better comparison of the source populations of the SMC, the LMC and the Milky Way the
integral flux upper limits are converted into upper limits on the energy flux and the luminosity
in the energy range of 1 — 100 TeV following Equations 3.6 and 3.7 by assuming a common
distance of 50 kpc for all LMC source candidates.

For the SNRs, PWNe, HMXBs and pulsars, additional upper limits on the power and/or energy
conversion efficiencies are derived.

Supernova Remnants There is observational evidence that SNRs accelerate hadronic and/or
leptonic cosmic rays. Under the assumption that hadronic acceleration is the dominating process
causing the y-ray emission via inelastic hadronic collisions, an upper limit on the total energy in
protons can be estimated based on the upper limit on the luminosity following Equation 4.8. As
protons are assumed to produce y-rays with energies of ~ 0.1E,, the integrated y-ray flux in
the energy range of 1 — 100 TeV will constrain the total energy in protons in an energy range of
10TeV — 1PeV. Here, a target density of the interstellar gas of 1¢cm~> and a cooling time of
4 x 101 s are assumed. By comparing the upper limit on the total energy in protons with the
average supernova explosion energy of ~ 10°! ergs™!, the efficiency of converting the energy
in those protons into y-ray emission in an energy range of 1 — 100 TeV can be estimated. The
upper limits on the total energy in protons as well as the upper limits on the energy conversion
efficiency are listed in Table A.1.

In the case that SNRs are predominantly leptonic accelerators, 7y radiation is mainly produced
via the up-scattering of low energy photons through inverse Compton scattering. The energy
conversion efficiency from electrons to VHE y-rays depends on the environmental properties of
the SNR such as the magnetic field or the radiation field energy density. A possible correlation
with the latter will be discussed in more detail in Section 6.1.
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Figure 5.10: Significance distributions for the sources of the different source classes in the LMC H.E.S.S.

source candidate catalogues.
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Pulsar Wind Nebulae PWNe are thought to be leptonic accelerators powered by the spin-
down power of their pulsars. To estimate the efficiency of converting the kinetic energy in the
pulsar wind into 1 — 100 TeV 7y-ray emission through particle acceleration, the derived upper
limits on the luminosity following Equation 4.8 are set in relation to the spin-down power of the
pulsars in those PWNe where the spin-down power is known.

High-Mass X-Ray Binaries The VHE 7y-ray emission from y-ray binaries can be explained
by either the pulsar scenario or the microquasar scenario. Two models have been developed
that predict y-ray emission in the vicinity of HMXBs. In the first scenario, the y-ray emission is
powered by the spin-down power of a pulsar. Accelerated electrons produce y-ray emission by
inverse Compton scattering the stellar photons of the companion. For 17 out of the 56 HMXBs
in the LMC a spin period has been measured, indicating that the compact object is very likely a
pulsar. Under the assumption that at least 10% of the spin-down power is converted into y rays,
the lower limit on the spin-down power is given by 10 X Lyy..

In the second scenario, the system is powered by accretion of the stellar wind onto the compact
object. Gravitational potential energy is released as radiation. When assuming the compact
object to be a neutron star with a canonical mass of Mco = 1.4 M., a radius of Rco = 10km,
and a mass-loss rate of 10~!19M, yr~!, the canonical accretion luminosity is given by:

Lace = ( M ) ( Mco ) (10km) x 1.2 X 1036erg/s. (5.1)

10710M®/yl" 14M® RCO

(More details are given in Section 6.6.1.) The efficiency of converting the gravitational potential
energy into y radiation in a particular energy range is given by the ratio of the upper limit on the
luminosity (following Equation 4.8) and the accretion luminosity L.

Pulsars Although the pulsars in the LMC are rather old and therefore are not expected to
be radiating significant y-ray emission, the results are still discussed for completeness. As the
non-thermal emission is powered by the spin-down power of the pulsar, the upper limits on the -
ray luminosity (following Equation 4.8) are converted into upper limits on the energy conversion
efficiency by calculating the ratio of the upper limit on the y-ray luminosity and the spin-down
power of the respective pulsar.

HMXBs (and y-ray binaries) typically show a phase modulation of their (non-)thermal emission.
Therefore, an additional analysis testing for phase-modulated VHE y-ray emission is performed.
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Phase-Modulated VHE y-ray Emission of HMXBs

For some y-ray binaries the on-peak luminosity is significantly higher than the full-orbit luminos-
ity (e.g., for LMC P3 or LS 1+61°303). Hence, although none of the HMXBs in the LMC shows
significant orbit-averaged VHE 7y-ray emission, they may be detectable during their on-peak or-
bital phase. Therefore, a search for VHE y-ray emission modulated with the orbital period of the
HMXBs is performed. For this study all LMC HMXBs in the H.E.S.S. source candidate catalogue
with a given orbital period have been reanalysed individually. As the offset between test posi-
tion and camera centre is in some cases less than 0.4°, the acceptance profile is taken from
lookups to avoid increased systematic uncertainties in the acceptance profile close to the centre
of the field-of-view. The background subtraction is made by using the reflected region back-
ground model. The energy range is chosen analogously to the search for point-like emission in
the LMC.

For each y-ray binary candidate a folded light curve, modulated with the respective orbital pe-
riod, is generated and binned in 5 and 10 phase bins. The phase binning is chosen according to
the duration of the X-ray or y-ray on-peak phase, which is typically one-tenth to one-fifth of the
orbital period. Finally, the significance of the y-ray emission is estimated in each phase bin fol-
lowing Equation 3.1. Figure 5.11 shows the significance distribution of all phase bins of all LMC
HMXBs for a binning of 10 bins per orbital period in the energy range of 1 — 100 TeV. None of the
phase bins of any HMXB shows a significance of ¢ > 5 and the significance distribution is well
defined by a Gaussian distribution with a mean of 0.15 and a width of 0.81 for the LMC. Thus,
a cumulative weak VHE y-ray signal at the sensitivity level that is reached by the LMC data sets
can be excluded. Thus, it is unlikely that the LMC contains a second y-ray binary as powerful as
LMC P3. However, a deeper exposure, measurements of more accurate orbital periods or the
addition of more measurements of orbital periods to the sample of HMXBs may shed more light
on the nature of these objects.
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Figure 5.11: Significance distribution for the folded lightcurves in the energy range of 1 — 100 TeV of all
LMC HMXBs with a given orbital period with a binning of 10 bins per orbital period.

5.3 Analysis of the Small Magellanic Cloud

This section focusses on the analysis and results of the SMC survey data sets. Analogous to the
discussion of the LMC data set the SMC data sets will be described in Section 5.3.1 followed by
a description of the compilation of the SMC H.E.S.S. source candidate catalogues of potential
VHE y-ray emitters in Section 5.3.2. The description of the estimation of the integral flux upper
limits as well as the description of the final flux upper limit catalogues is summarised in Section
5.3.3. The results for the SMC source population study are discussed in Chapter 6 along with
the LMC results. In addition, a search for extended VHE 7y-ray emission is performed for the
SMC, which is described in Section 5.3.4.

5.3.1 Characterisation of the SMC Data Sets

As the SMC is even more distant from Earth than the LMC, all potential VHE y-ray sources in
the SMC can be assumed to appear point-like for the H.E.S.S. instrument. One exception are
the star forming regions for which the analysis will be described separately in Section 5.3.4. The
SMC analysis is performed analogously to the LMC analysis to guarantee a mostly unbiased
population study between the SMC and LMC sources. Thus, for the search for point-like y-ray
emission, an analysis with a ®2 cut of 0.005 deg? (0.016 deg?), which corresponds to a radius
of the PSF of ~ 0.07° (~ 0.13°), is performed for the CT1-4 (CT5) data. All sky maps discussed
here are correlated with the same radii. A lower energy threshold of 1 TeV (0.4 TeV) is applied
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to all analyses of the CT1-4 (CT5) data set. The maximum energy depends on the sensitivity
limitation of the H.E.S.S. instrument (more details are given in Section 5.2.1).

A sky map of the integrated sensitivity in the energy range of 1 — 100 TeV as well as 0.4 — 10 TeV
for a point-like y-ray excess above the detection criterion is shown in Figure 5.12 for the CT1-4
and CT5 data set, respectively. In the energy range of 1 — 100TeV, a sensitivity of
~2x107°m~2s~! is reached towards the centre of the Bar of the galaxy. This limit translates to
a limit on the luminosity of L ~ 3 x 103 ergs™!. The sensitivity of the CT1-4 data set degrades
from the western part of the SMC towards the SMC Wing in the eastern part, where a sensitivity
of ~7x10%m 257! (L ~ 1 x 103 ergs™!) is achieved. The best sensitivity in the energy
range of 0.4 — 10 TeV is also reached towards the SMC Bar with ~ 4.5 x 10~?m~2s~!, which

translates to a luminosity of L ~ 7 x 1033 ergs™!

. The sensitivity of the CT5 data set degrades
towards the outskirts of the SMC (east and west) where a sensitivity of ~ 1 x 10 3m=2s~!

(L~ 1.5 % 10% ergs™!)is reached.

The significance sky maps for the CT1-4 and CT5 data sets are shown in Figure 5.13. No y-ray
excess above the nominal 5o criterion is seen in the entire SMC in either data set, and the
significance distribution is compatible with a background-only hypothesis. This implies that the
SMC does not host any source that emits VHE y-ray emission above the sensitivity threshold of
the H.E.S.S. instrument. Thus, potential VHE y-ray sources in the SMC are less luminous than
the detected y-ray sources in the LMC.

Analogously to the LMC analysis, the measured y-ray excess is used to estimate integral flux
upper limits for selected potential y-ray sources and the results will be compared with those of
the LMC and Milky Way in Chapter 6.
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Figure 5.12: Integrated sensitivity (in units of m~2s~!) in the energy range of (a) 1 — 100 TeV and (b)
0.4 — 10TeV for a point-like y-ray excess with a significance of > 50 for the CT1-4 and CT5 data set,
respectively. The sky maps are correlated with a radius of (a) 8 = 0.07° and (b) 8 = 0.13° and are shown
in a Cartesian projection. Contours are the same as in Figure 5.3.
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Figure 5.13: Significance sky map (in units of ) for point-like y-ray emission above an energy threshold
of (a) 1 TeV and (b) 0.4 TeV for the CT1-4 and CT5 data set, respectively. Correlation radii and coordinate
system are the same as for Figure 5.12. Contours are the same as in Figure 5.3.

5.3.2 The H.E.S.S. Source Candidate Catalogue of Potential VHE y-Ray
Sources in the SMC

Although no significant point-like VHE y-ray emission towards the SMC is found, there are many
sources that are known to emit non-thermal emission in radio or X rays. Some were expected
to be powerful VHE vy-ray emitters (for example SNR E0102.2-7219 or PWN IKT 16). As in the
LMC, dedicated flux upper limits in the VHE regime can help to constrain models of the acceler-
ation and y-ray production of these sources.

Catalogues of confirmed non-thermal sources are used to compile a H.E.S.S. source candidate
catalogue, in which the H.E.S.S. results in the VHE y-ray regime are summarised for the se-
lected sources. The same source classes as for the LMC are considered for the SMC: SNRs,
PWNe, HMXBs and pulsars. Furthermore, star-forming regions — the birth-places of stellar
OB associations and clusters — are considered for the SMC. As star-forming regions cannot
be considered point-like for the H.E.S.S. instrument due to their physical and angular extents, a
separate analysis has to be performed, which is described in Section 5.3.4. The distribution of
the sources selected over the SMC is shown in Figure 5.14.

Badenes et al. compiled the first catalogue of SNRs in the SMC that is based on multiwave-
length catalogues for the SMC [104]. They study 23 SNRs that are confirmed SNRs in at least
one wavelength. Two of these SNRs, IKT 16 and DEM S5, were later identified as first detected
PWNe in the SMC [288, 289] and are thus added to the H.E.S.S. source candidate catalogue
of PWNe as well. For SNR IKT 7, a study by Haberl et al. [290] concluded that this source is
not a SNR and is thus removed from the H.E.S.S. source candidate catalogue of SNRs. Three
other SNRs are not detected in the latest XMM-Newton survey [290] and are also removed from
the H.E.S.S. catalogue as they do not seem to be promising candidates for VHE 7y-ray emission.
Thus, 18 SNRs are considered in this work.
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So far, there are only two confirmed PWNe in the SMC: the powerful X-ray PWN IKT 16 [288]
and the recently discovered PWN DEM S5 [289]. For both sources it is not clear which compo-
nent (SNR or PWN) may be detected in the VHE regime, hence, these sources are listed in the
H.E.S.S. source candidate catalogue for both SNRs and for PWNe.

No y-ray binaries have been detected in the SMC so far. Although y-ray binaries are thought to
be the progenitors of HMXBs, some HMXBs may have been misclassified due to the large dis-
tance to the SMC as well as the lack of radio surveys providing a cross-correlation with HMIXBs
(e.g., [291]). Only one thermal radio source was reported to be coincident with a known X-ray
binary. However, the measured radio spectral index of this source did not support the hypothesis
of this object being a non-thermal emitter and hence a possible microquasar. Although no y-ray
binary has been detected in the SMC yet, the possibility is not excluded that one of the sources
classified as HMXBs is indeed a y-ray binary as is the case for LMC P3 in the LMC. The most
comprehensive catalogue for HMXBs in the SMC was compiled by Haberl & Sturm 2016 [102]
based on existing multiwavelengths catalogues and lists 148 confirmed and candidate HMXBs.
The authors performed a systematic study showing that 102 sources of their sample are con-
firmed HMXBs, of which 61 are confirmed HMXBs and another 39 are most likely HMXBs or
BeXBs (having a Be type star as massive star). Two of the remaining 102 sources have no
H.E.S.S. exposure and are thus rejected from the H.E.S.S. source candidate catalogue. Out of
the remaining sample of 100 HMXBs and BeXBs an orbital period was measured for 58 sources
indicating that these binaries most likely have a neutron star as the compact object. For those
sources a dedicated search for periodic VHE y-ray emission is performed (see Section 5.3.3).
For most of the HMXBs that are confirmed to have a neutron star as the compact object, the
spin period derivative was added to the H.E.S.S. source candidate catalogue of HMXBs, which
is taken from an extensive X-Ray Pulsar catalogue [292].

Most of the pulsars in the SMC are detected in HMXB and BeXB systems. They typically exhibit
long spin periods of = 1's. VHE y-ray emission at a detectable level is not expected from these
pulsars. Thus, these pulsars are only listed once in the H.E.S.S. source candidate catalogue
of HMXBs. Apart from these, only 8 additional pulsars have been detected in the SMC so far.
6 SMC pulsars are listed in the ATNF catalogue [282]. The H.E.S.S. source candidate catalogue
of pulsars is complemented by two recently discovered pulsars [293].

Finally, the catalogue of Livanou et al. [105] is used as a basis for the H.E.S.S. source candidate
catalogue of SFR. The following selection cuts have been applied to these SFRs to produce the
final selection of SFRs that will be investigated in this work: i) all SFRs that do not host stellar
associations are discarded, ii) only SFRs hosting more than 10 Hll regions are kept, iii) a cut on
the number density of the stellar association of pspr > 10~7 cm~3 is applied and iv) a cut on the
radius of the SFR of rggr < 0.4° is applied. The list of SFRs investigated in this work consists of
12 SFRs (8 aggregates and 4 complexes).
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Figure 5.14: Distribution of the selected sources over the SMC, overlaid on an IR image [274]. The SFRs
are split into aggregates (orange) and complexes (dark red). The size of the circle denotes the size of the
SFR. Contours are the same as in Figure 5.3. The sky map is shown in a Cartesian projection.

5.3.3 Results for the SMC Sources in the H.E.S.S. Source Candidate Cat-
alogues

The significance distributions for the source classes in the H.E.S.S. source candidate catalogue
for the SMC are shown in Figure 5.15 and Figure 5.16 for the CT1-4 and CT5 data sets, respec-
tively. From the figures it can be seen that the distributions roughly follow a Gaussian distribution
which is centred on 0 with a width of ~ 1. Thus, no accumulated VHE y-ray emission is expected.
As no significant y-ray emission is found in either SMC data set, integral flux upper limits for the
entire field of view are estimated in the energy range of 0.4 — 10 TeV for the CT5 data set and
1 —100TeV for the CT1-4 data set. The flux upper limit estimation follows the same approach as
for the LMC. For the CT1-4 data set the energy range, assumed spectral parameters, confidence
level and systematic uncertainties are the same as were used for the LMC CT1-4 data set. For
the CT5 data set, integral flux upper limits are estimated for an energy range of 0.4 — 1 TeV first,
and then extrapolated to an energy range of 0.4 — 10 TeV, where the spectral index and the confi-
dence level are the same as for the CT1-4 data set. The systematic uncertainties are taken from
Table 5.3. The resulting upper limit sky maps for sources that appear point-like for the H.E.S.S.

instrument are shown in Figure 5.17.

The significances of the VHE vy-ray emission of all sources in the H.E.S.S. source candidate
catalogue are extracted from the significance sky maps . No significant y-ray emission is found
for any of the sources in either SMC data set. Thus, integral flux upper limits at the positions of
the selected sources are extracted from the integral flux upper limit sky maps and are presented
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Figure 5.15: Significance distributions for the sources of the different source classes in the SMC H.E.S.S.
source candidate catalogues in the energy range of 1 — 100 TeV.
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Figure 5.16: Significance distributions for the sources of the different source classes in the SMC H.E.S.S.
source candidate catalogues in the energy range of 0.4 — 10 TeV.
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Figure 5.17: Integral flux upper limit sky maps (in units of m~2s~!) for VHE Y-ray emission of sources that
appear point-like for the H.E.S.S. experiment in the energy range of (a) 1 — 100 TeV and (b) 0.4 — 10 TeV
for the CT1-4 and CT5 data set, respectively. Upper limits are given for a 95% confidence level with
an assumed spectral index of I' = 2.3. Systematic uncertainties of (a) 16% and (b) 31% are taken into
account. Correlation radii and coordinate system are the same as for Figure 5.12. Contours are the same
as in Figure 5.3.
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in the tables A.5 - A.12 for the SNRs, PWNe, HMXBs and pulsars respectively.

Source coordinates and additional physical source properties like the diameter, spin period, spin
period derivative, spin-down power and orbital period, are taken from the catalogues that were
used to compile the H.E.S.S. source candidate catalogue.

Upper limits on the integral energy flux, luminosity, total energy in protons and/or the efficiency
of converting kinetic energy into non-thermal VHE 7y-rays in both energy ranges (1 — 100 TeV
and 0.4 — 10 TeV) are estimated according to the description in Section 5.2.4 and are presented
in the tables as well.

In the case of the SNRs the total energy in protons is constrained in an energy range of
10TeV — 1 PeV and 4 — 100 TeV for the CT1-4 and CT5 data set, respectively. More details
are given in Section 4.3.1 and 5.2.4.

For the HMXBs an analysis for phase-modulated VHE y-ray emission and a search for significant
VHE vy-ray emission during X-ray outbursts is performed as well.

Phase-Modulated VHE y-ray Emission of HMXBs

The analysis is performed for all SMC HMXBs in the H.E.S.S. source candidate catalogue with
a given orbital period, analogously to the analysis of the LMC HMXBs as described in Section
5.2.4. The analysis is done for both data sets. The energy range is chosen analogously to the
search for point-like emission in the SMC.

For each y-ray binary candidate, a folded lightcurve — modulated with its respective orbital
period — is generated and binned in 5 and 10 phase bins and the significance of the VHE
Y-ray emission is estimated in each phase bin following Equation 3.1. Figure 5.18 shows the
significance distribution of all phase bins of all SMC HMXBs for a binning of 10 bins per orbital
period in the energy range of 1 —100TeV and 0.4 — 10 TeV for the CT1-4 and CT5 data set,
respectively. None of the phase bins of any HMXB shows significant VHE y-ray emission and
the significance distributions are well defined by a Gaussian distribution with a mean of 0.03
(0.07) and a width of 1.10 (1.05) for the CT1-4 and CT5 data, respectively. As for the LMC
HMXBs, a cumulative weak VHE 7y-ray signal at the sensitivity level reached in the SMC data
sets can be excluded. The analyses with a binning of 5 bins per orbital period show consistent
results for both data sets. Thus, it is unlikely that the SMC hosts a y-ray binary as powerful as
the LMC y-ray binary LMC P3. However, as for the LMC, a deeper exposure, measurements of
more accurate orbital periods or adding more measurements of orbital periods to the sample of
HMXBs may again reveal further insights into the nature of these objects.
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Figure 5.18: Significance distribution for the folded lightcurve in the energy range of (a) 1 — 100 TeV and
(b) 0.4 —10TeV of all SMC HMXBs with a given orbital period with a binning of 10 bins per orbital period.

VHE 7y-ray Emission during X-Ray Outbursts of HMXBs

Many HMXBs frequently exhibit powerful outbursts that are typically detected in X-rays. The
VERITAS collaboration found that the y-ray binary LS [4-61°303 also showed increased emis-
sion in the energy range of 0.3 — 10 TeV contemporaneous with one of the X-ray outbursts [294],
thus demonstrating that y-ray binaries can also exhibit such powerful outbursts. A search for
documented X-ray outbursts of SMC HMXBs in the literature results in four HMXBs that exhib-
ited an outburst during the time period which are covered by the H.E.S.S. survey observations.
To test if one of these HMXBs exhibited an increased VHE y-ray emission above the sensitivity
level of the SMC and LMC survey data sets, a dedicated analysis of these HMXBs is performed.
As LS 1+61°303 was detected above an energy of 300 GeV with a moderately steep spectral
index of I" = 2.58, a low energy threshold may be crucial for a detection of significant VHE y-ray
emission of the SMC HMXBs. Therefore, the analysis is only performed based on the SMC CT5
data set with only applying a safe energy threshold cut to the data. As the LMC survey was only
performed with the HESS-I array, this analysis is only done for the SMC HMXBs.

Only those observations covering the outburst period are considered in the analysis. The emis-
sion is assumed to be point-like and the background subtraction is done by applying the reflected
region background model while using an acceptance model from lookups. Figure 5.19 shows the
significance maps for all four HMXBs during their outburst periods. None of the HMXBs shows
significant VHE 7y-ray emission and integral flux upper limits are derived by taking into account
the systematic uncertainties derived in Section 5.1.3. Table 5.4 summarises all information and
upper limits.
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Figure 5.19: Significance sky maps (in units of o) for the four SMC HMXBs that exhibited an outburst
during the time period covered by the H.E.S.S. survey observations. The positions of the HMXBs are
marked with a cross. The respective energy thresholds are (a) HMXB 2: 320 GeV (b) HMXB 3: 215 GeV
(c) HMXB9: 260 GeV and (d) HMXB 16: 900 GeV.

Table 5.4: SMC HMXBs exhibiting an outburst

HMXB Reference Outburst Observations livetime (o] ULg

[h] [10-19m=2s71]
2 Atel* [295, 296] Oct - Nov’'15 | Oct 09 - Nov 08 2.8 | -0.48 715
3 Atel [297-299] Sep - Nov '15 | Sep 06 - Nov 13 27.2 | -0.23 178
9 T17** [300] Aug’16 - Jan’17 | Nov 17 - Nov 29 3.2 | -1.60 1462
16 Atel [301] Oct - Dec’17 | Nov 10 - Dec 14 126 | 1.26 837

" Atel: The Astronomer’s Telegram
" T17: Townsend et al. 2017

5.3.4 Search for Extended VHE y-Ray Emission in the SMC

In addition to the search for point-like VHE 7y-ray sources, a search for extended y-ray emission
on a scale > 0.1° is performed. Extended emission can either originate from sources with an
intrinsically extended 7y-ray emission region, from an accumulated diffuse signal of individual
faint y-ray sources or from a diffuse y-ray emission caused by cosmic rays that diffused away
from the acceleration sites. To account for the total VHE 7y-ray emission from those extended
regions, the analysis has to be adjusted. Instead of defining the on region by applying a ®2
cut that equals that of the PSF of the respective analysis configuration, the @2 cut is adjusted
according to the assumed source extension. The background estimation is adapted as follows:
i) when the background is estimated based on the reflected region background model, the size
of the individual reflected regions is adjusted according to the size of the on region and ii) when
estimating the background based on the ring background model the radius and thickness of the
ring have to be increased sufficiently to increase the event statistics in the background region
simultaneously with the increase of event statistics in the on region and to avoid that a faint y-ray
emission outside the on region enters the estimation of the background level. The potential VHE
Y-ray flux contained within a radius of @2 is finally integrated over the entire on region and the
significance of the measured VHE y-ray emission is calculated analogously to the point-like y-ray
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source analysis. Sky maps are produced in the same way as is described in Section 5.1.2, with
the exception of the increased correlation radius ® of the sky maps.

In the following two subsections the results for the analyses of SFR in the SMC and a potential
diffuse VHE y-ray emission are presented.

Star-Forming Regions as Potential Particle Acceleration Sites

The detection of the superbubble 30 DorC in the LMC led to the question if there are other
superbubbles in the star-forming Magellanic Clouds that may be as powerful as 30 DorC. As there
is no superbubble catalogue available for the SMC, SFRs — which host many young massive
stars and potentially host superbubbles — are analysed in this work. The sample of SFRs that is
analysed in this work is described in Section 5.3.2. The described selection cuts are applied to
ensure that only those SFRs that are more likely to be powerful y-ray emitters will be investigated.
For the selected 12 SFRs, a dedicated analysis for every individual SFR is performed for both
SMC data sets. The background is estimated by applying the reflected region background model
while the instrument acceptance is determined from lookups due to too small offsets (< 0.4°)
between source location and pointing position. The significance of the VHE vy-ray emission is
estimated for the whole energy range above the safe energy threshold of the respective data
set of each individual SFR. No significant VHE y-ray emission is found in either data set. The
significance distribution of the SFRs for both data sets is shown in Figure 5.20. Upper limits are
estimated in the energy range of 1 — 100 TeV for the CT1-4 data set and 0.4 — 10 TeV for the CT5
data set analogously to the flux upper limit estimation for the point-source analysis. The results
are summarised in Table A.13 and A.14.
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Figure 5.20: Significance distribution of the VHE y-ray emission that is contained within the extension of
the SFRs inside the SMC for an energy range of (a) 1 — 100 TeV (CT1-4 data set) and (b) 0.4 — 10TeV
(CT5 data set).
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Diffuse Emission in the SMC

The detection of diffuse HE y-ray emission in the Magellanic Clouds by Fermi-LAT [68, 69, 108]
confirmed that particle diffusion on large scales also plays a role in star-forming galaxies. The
question is whether the diffuse emission spectrum also extends to ~ TeV energies as is the case
in the Milky Way [271, 272].

The angular extent of the HE 7y-ray diffuse emission in the SMC was measured to be ~ 3°
[68, 69, 108]. An analysis of such an extended region is not possible with the existing analysis
frameworks of the H.E.S.S. experiment, as the background cannot be estimated properly with
the well established background methods that are described in Section 3.1.5. However, a study
of the diffuse emission in energy bands shows that the extension of the diffuse emission signif-
icantly decreases with increasing energy. In the energy range between 5 — 10 GeV the diffuse
emission splits into substructures with scales of ~ 0.5° [108]. VHE vy-ray emission on these
scales can be tested with the established analysis tools of the H.E.S.S. experiment. An analysis
of the entire field of view of the SMC is performed analogously to the analysis for the search of
point-like VHE y-ray emission, except that the size of the on region is set to ® = 0.16. Hence,
diffuse VHE 7-ray emission contained within a circle with radius 0.4° is studied. The analysis
is only performed for the CT1-4 data set. The smaller field of view of the CT5 camera makes
it impossible to find appropriate regions for the background estimation; this, in combination with
the mono event reconstruction with increased uncertainties compared to the stereo event recon-
struction, leads to significantly increased systematic uncertainties in the background estimation
and hence to results that cannot be trusted.

The result is shown in Figure 5.21. No significant y-ray emission above 1TeV on scales of
radius 0.4° is found in the SMC. Integral flux upper limits in the energy range of 1 — 100 TeV
are estimated for the entire field of view as described in Section 5.2.2 by taking into account
a systematic uncertainty of 16%. All systematic uncertainties remain the same, except for the
systematic uncertainty due to the background estimation. Although the systematic uncertainty
in the background estimation is slightly increased (Osyst ~ 0.70%a), it is still compatible with a
final systematic uncertainty of 1%. Thus, the total systematic uncertainties remain unchanged
compared to the systematic uncertainties in the search for point-like y-ray emission.
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Figure 5.21: (a) Significance (in units of [c]) and (b) integral flux upper limit (in units of [m~2s~!]) sky
maps in the energy range 1 — 100 TeV for the CT1-4 data set. A correlation radius of 0.4° is applied to the
sky maps. Coordinate system is the same as for Figure 5.12. Contours are the same as in Figure 5.3.
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Comparison of the Source Populations
between the SMC, LMC and Milky Way

Apart from the three known VHE 7y-ray sources in the LMC, the systematic search for point-like
Y-ray emission towards the Magellanic Clouds revealed that there are no additional powerful
VHE y-ray sources with luminosities that are detectable with the H.E.S.S. experiment. Never-
theless, the integral luminosity upper limits can be compared to the known population of VHE
v-ray sources in the Milky Way to draw conclusions on source intrinsic as well as environmental
differences between the three galaxies. This chapter focusses on the comparison of the SNR
(Section 6.1), PWN (Section 6.2) and y-ray binary (Section 6.3) populations for an energy range
of 1 — 100 TeV; this means that only the results for the CT1-4 data sets are compared.

6.1 Supernova Remnants

Before comparing the SNR source populations of the Magellanic Clouds and the Milky Way, the
completeness of the SNR samples is briefly discussed as the comparison of incomplete samples
may lead to misleading conclusions.

Thanks to the high coverage fraction of the galaxy as well as observations with deep exposures
by X-ray and radio instruments, the SMC sample of SNRs is most likely the most complete
sample among the three galaxies. However, the depth of the SMC is still highly uncertain [82, 83]
and may thus result in a less complete sample due to foreground sources masking SNRs in the
background. In general, the SMC SNRs are rather old (= 1000 yr to ~ 30000 yr) and extended
(~ 10 —80pc). Most of the SNRs are in the adiabatic or radiative phase of their evolution
[302]. The star formation rate peaked ~ 5 Gyr ago as well as several times in the last 500 Myr
leading to a low number of type la supernovae, as the type la delay-time distribution peaks
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below 1 Gyr [303]. The increased star formation rate in the past 12 Myr led to a higher fraction of
core-collapse supernovae compared to type la supernovae. However, the number of young and
middle-aged SNRs is very low (5 SNRs). These may result from delayed core-collapse events of
massive stars due to binary interactions, rapid rotation or low metallicities [304]. The low density
of the ambient medium of n < 0.1cm™> around the SMC SNRs supports the fast growth of the
SNRs shells, as there is less material slowing down the expanding ejecta.

The LMC SNR sample is less complete compared to the SMC SNR sample due to the lower
coverage fraction, especially at the outskirts of the LMC, by X-ray or radio instruments [97]. The
higher star formation rate in the past in the LMC compared to the SMC as well as its larger size
led to a larger number of SNRs in the LMC. On average, the LMC SNRs are younger than in
the SMC; this is most likely due to the peak in the star formation rate at roughly 1.5 — 2 Gyr and
~ 500 Myr ago, leading to a larger number of type la SNRs in the LMC compared to the SMC,
whereas the ongoing increased star formation rate in the last 12 Myr led to the population of
core-collapse supernovae in the LMC. Among the sample of the LMC SNRs are a few young
(< 1000yr) SNRs (e.g., N103B or SN 1987A), which are or may become powerful VHE y-ray
emitters. Besides the increased star formation rate in the LMC compared to the SMC, the on
average higher density of the ambient medium of n ~ 0.1 to > 1 cm~3 around the LMC SNRs
compared to the SMC SNRs may lead to less extended SNRs in the LMC [97, 302]. The only
exception in the SMC seems to be B0102-7219 (J0104-7201 / IKT 22).

The least complete SNR sample is most likely that of the Milky Way. On the one hand, there
is an observational bias. SNRs that are located in the Galactic plane are difficult to detect due
to overlapping sources as well as source confusion in the highly populated region. Also, SNRs
with a too large angular extension are difficult to detect, as the background estimation becomes
challenging with the established background models. On the other hand, only Milky Way SNRs
that are detected in TeV energies are selected for the comparison of the source populations.
Out of the roughly 300 known radio detected SNRs in the Milky Way [305], only a few have been
detected in VHE ¥ rays so far. Most of these SNRs are young or middle-aged SNRs (< a few kyr)
with only two SNRs being older than ~ 30kyr. Whether the age gap is an observational bias or
a physical characteristic of SNRs is still not clear. Out of the Milky Way SNRs with a VHE 7y-ray
detection only those with luminosities Li_1goev = 5 x 1032 ergs™! will be discussed.

Figure 6.1 shows a comparison of the SNR source populations of the SMC, LMC and Milky Way
as a function of the SNR diameter. Apart from SNR N 132D no other Extragalactic SNR has
been detected in VHE 7y rays. By examining the integral luminosity upper limits, it can be seen
that ~30% of the Magellanic Clouds SNR population have lower VHE 7y-ray luminosities than
that of N 132D; ~17% of the LMC SNR population and none of the SMC SNRs have VHE y-ray
luminosities less than that of HESS J1640-465; and for three LMC SNRs, a luminosity equal to
HESS J1713-381 would have been detectable. None of the other Milky Way SNRs would have
been detected, if they were placed at the LMC or SMC distance. The nondetection of other VHE

106



Section 6.1

v
_ A AT AN o
'_I:n <+ \ N 132D 37%7 w v ¥ i% v
o 1035 HESS J1840-465 o &
Q HESS J1713-381 + *
v v
3 1034 ws1C RX J1713.7-3946
| RCW 86 I sMmC
_.I—| LMC
Cas A I LMC (>70h)
a3 leptonic or hadronic
10°° Tycho ® W28 o hadronic favoured
Vela Junior ® hadronic
10! 102

d [pcl

Figure 6.1: Comparison of the luminosity upper limits in the energy range of 1 — 100 TeV of the SNR
population in the LMC, SMC and Milky Way as a function of the SNR diameter. The diameter of SN 1987A
is outside the range shown here, which is indicated with an arrow.

Results and parameters for the known SNRs are taken from the following sources (and references
therein): Cas A: MAGIC collaboration 2017 [169], HESS J1640-465: H.E.S.S. collaboration 2014 [306],
HESS J1713-381: H.E.S.S. collaboration 2018, Tian & Leahy 2012 [63, 307], N132D: H.E.S.S. collabo-
ration 2015 [23], RCW 86: H.E.S.S. collaboration 2018 [159], RX J1713.7-3946: H.E.S.S. collaboration
2018, Yang & Liu 2013 [308, 309], Tycho: VERITAS collaboration 2017, Douvion et al. 2001 [162, 310],
Vela Junior: [311], W28: H.E.S.S. collaboration 2018 [63], W51C: MAGIC collaboration 2012, Ranas-
inghe et al. 2018 [152, 312].
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Figure 6.2: Comparison of the luminosity upper limits in the energy range of 1 — 100 TeV of the SNR
population in the LMC, SMC and Milky Way as a function of the radiation field energy density (RED) at
the position of the SNR.

References for results and parameters for the known SNRs are the same as in Figure 6.1
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Y-ray emitting SNRs in the Magellanic Clouds may be a result of i) the incompleteness of the
LMC survey and the resulting inhomogeneity in the sensitivity over the field of view as well as
the lower exposure for the SMC, ii) the lower total number of radio and/or X-ray detected SNRs
in the Magellanic Clouds compared to the Milky Way and hence the lower probability to find
more extremely powerful SNRs, iii) differences in the SNR environments between the galaxies
or iv) the older age of the SMC and LMC SNR population. Concerning the first point, a more
homogeneous and deeper exposure of ~ 70h over the entire field of view in both Magellanic
Clouds would significantly increase the fraction of SNRs for which a luminosity level of N 132D or
HESS J1640-465 can be constrained (dark red arrows in Figure 6.1). The last two points are due
to the described intrinsic difference of the SNR age distributions and the density of the ambient
medium around the SNRs of the three galaxies.

The diameter is used as an indicator of the SNR age as ages have not been estimated for all
SNRs in the Magellanic Clouds. A cross-check revealed that below an extension of 30 pc, cor-
responding to an age of ~ 7 kyr, the correlation between age and extension can be assumed to
be linear for all SMC, LMC or Milky Way SNRs'. Thus, the assumption that SNRs with larger
extensions are older is valid for this range of extensions. SNRs with extensions of > 30 pc show
an increased scatter in the age distribution, but are in general older than 10kyr. The only two
SNRs, that are confirmed to be hadronic accelerators are the old (> 30kyr) SNRs W28 and
W51C in the Milky Way, which are interacting with nearby molecular clouds. Neither of these
SNRs would have been detected if they were placed at the distances of the Magellanic Clouds.
However, it is difficult to draw conclusions as only two representatives have been detected at
VHE v rays so far. A deeper exposure towards the Magellanic Clouds or a study using the next
generation of IACTs with improved instrument sensitivity may result in further detections of old
SNRs interacting with molecular clouds that may be even more powerful than W51C. On the
other hand, an interstellar carbon monoxide (CO)? survey of the LMC showed an on average
lower CO luminosity in the LMC compared to the Milky Way and only little spatial correlation
between molecular clouds and SNRs [313], suggesting that the probability for old SNRs inter-
acting with molecular clouds is rather low. The more powerful VHE 7y ray emitting SNRs are the
young and middle-aged SNRs in the Milky Way. For most of these SNRs it is still under debate
whether they are predominantly leptonic or hadron cosmic-ray accelerators. In the case of the
two most luminous VHE 7-ray emitting SNRs N 132D and HESS J1640-465, a hadronic cosmic-
ray acceleration scenario is favoured. This would either require a high post-shock gas density
(ng > lem™3) or a high cosmic-ray energy fraction of the explosion energy (>>1%). Only for
two (old and extended) LMC SNRs is this fraction constrained to be <10%.

If the VHE y-ray flux is predominantly caused by inverse Compton scattering of low energy pho-

"The linear relation between the age and the extension of the SNRs is certainly not the same for the SNR
population of the SMC, LMC and Milky Way due to their different environments as described in the text. A more
detailed study of this relation is out of the scope of this work. However, a rough agreement in the relations is
sufficient for the purpose of this work.

2The CO emission at 2.6 mm wavelength is a tracer for molecular clouds.

108



Section 6.2

tons, strong photon fields or high magnetic field strengths would be required. As magnetic field
strengths of SNRs are only measured for a very limited number of SNRs, only the ambient photon
field strengths can be compared to estimate the likelihood of the SNRs being leptonic cosmic-ray
accelerators. The ambient radiation field energy density (RED) of the Magellanic Cloud SNRs is
calculated by integrating the infrared flux that is measured by the Interface Region Imaging Spec-
trograph (IRIS)3, in a wavelength range of 8.5 — 120 um. In the calculation it is assumed that the
IR flux originates from a two-dimensional plane, which means that the resulting RED estimate
should be considered as an upper limit. For the LMC which has an almost face-on orientation
towards the Milky Way, the estimated RED is likely close to the real ambient RED, whereas the
RED estimates for the SMC are likely more uncertain due to the unknown depth of the galaxy.
Figure 6.2 shows the comparison of the integral luminosity upper limits of the Magellanic Clouds
as a function of the RED with those of the Milky Way SNRs for which a leptonic cosmic-ray
acceleration scenario is discussed and a measured ambient photon field density is available in
the literature. All SMC SNRs and most of the LMC SNRs have ambient photon field densities of
0.2—3eVem3in agreement with those in the Milky Way, indicating that the Magellanic Cloud
SNRs may likely be accelerators of leptonic cosmic rays or may have been in the past due to
their advanced ages. Nine LMC SNRs have even higher REDs; of these, two are middle-aged
SNRs (B0536-6913 at an age of 3500 yr and B0540-693 at an age of 1600 yr). Although both
have an exposure of ~ 190 h, they may be interesting candidates for observations with the next
generation of IACTs.

A systematic discrepancy in the integral luminosity upper limits of the SNRs resulting from type
la or core-collapse supernovae is not found and is thus not further discussed here.

6.2 Pulsar Wind Nebulae

The PWN population forms the largest class of VHE 7y-ray sources with more than 30 PWNe
having been detected in VHE vy rays so far [127], which is more than 50% of the PWN population
(>50) detected in X-rays and/or radio wavelengths [314]. In the Magellanic Clouds only 6 PWNe
have been detected in X rays or radio so far, of which only one is detected in VHE y rays. The four
known PWNe in the LMC were detected between 1993 and 2005 [280, 281, 315, 316]. Despite
the deeper exposure and better resolution of later X-ray or radio surveys of the LMC, no further
PWNe were firmly discovered. Maggi et al. [97] briefly discuss a few candidate PWNe based
on their detection of a pulsar in the centre of the nebula. However, the authors comment that
their survey is likely incomplete towards the outskirts of the LMC, and that this region may host
further PWNe. The SMC PWNe were discovered recently thanks to the deep exposure of the

3Images for the LMC and SMC are downloaded from this webpage:
https://skyview.gsfc.nasa.gov/current/cgi/query.pl
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latest X-ray and radio surveys (by XMM-Newton, the Chandra X-ray Observatory (CHANDRA ) or
the Australia Telescope Compact Array (ATCA)) [288, 289]. No further PWN candidates inside
a known X-ray or radio SNR have been found in the latest study of the SMC SNR population
[302]. As the SMC is well covered with a deep exposure in the latest X-ray and radio surveys, it
seems unlikely that more PWNe will be found with the current generation of instruments. It is still
unclear why the Magellanic Clouds seem to host significantly less PWNe than the Milky Way and
why the powerful PWN N 157B is detected in VHE ¥ rays with high significance but N 158A is
not, even though it is very similar to N 157B. Possible explanations may be the on average older
SNR / pulsar population (= 10 kyr) in the Magellanic Clouds resulting in older PWNe and thus
lower X-ray and radio fluxes compared to young (< 10kyr) PWNe, or environmental parameters
such as the density of the ISM as well as the background light at the position of the PWNe. The
latter will be briefly discussed in the following.
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Figure 6.3: Comparison of the luminosity upper limits in the energy range of 1 — 10 TeV of the PWN
population in the LMC and SMC and the PWN population in the Milky Way as a function of the spin-down

energy.
Results and parameters for the Milky Way PWN population are taken from HESS collaboration 2018 [8].

Figure 6.3 shows the comparison of the integral luminosities for the PWN populations in the
Magellanic Clouds and the Milky Way as a function of their spin-down power. The two PWNe
in the Magellanic Clouds without a known spin-down power are shown with an arrow to the left,
indicating an upper limit in both dimensions. It can be excluded that any of the known PWNe in
the Magellanic Clouds are as powerful as N 157B. Apart from the farthest outskirts in the LMC,
no region in the entire field of view of either Magellanic Cloud contains a PWN at the luminosity
of N157B (see Figures 5.8 and 5.17a). On the other hand, none of the well known Milky Way
PWNe (labeled in the figure) would have been detectable if they were placed at the distance of
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the Magellanic Clouds. Only the luminosity level of the most luminous Milky Way PWNe can be
constrained by three of the five nondetected Magellanic Cloud PWNe.

As PWNe are most likely leptonic particle accelerators, their y-ray production efficiency mainly
depends on the density of the ambient photon field. The H.E.S.S. collaboration estimated the
energy densities of the starlight and infrared fields to be 1.92eVem™3 and 1.194eVem™3, re-
spectively [8]. The IR radiation field energy density, which is estimated analogously to the method
used for the SNRs (see Section 6.1), lies below 1.7 eVcm~3 for four of the Magellanic Clouds
PWNe. In the case of N 158A the IR radiation field energy density is 6.11 eVem—3, and for
N 157B the density is even higher at 27.65eV cm™3, which may explain the extraordinary high
VHE 7-ray luminosity of N 157B. The generally lower RED of the other PWNe compared to those
in the Milky Way in combination with their distance makes them less likely to be VHE y-ray source
candidates, even though their spin-down power seems to be in general higher than for those of
the Milky Way. However, this may well be a selection effect due to the sensitivity limitation of the
current generation of instruments.

Even with a deep exposure of > 70h (i.e., for N206 and N 158A) the y-ray luminosities of the
well known Milky Way PWNe cannot be constrained. Thus, only the next generation of IACTs
may shed light on the acceleration mechanisms of the Magellanic Clouds PWNe.

6.3 High-Mass X-Ray Binaries as Potential y-ray Binaries

The population of detected y-ray binaries is very diverse in their physical parameters — e.g.,
they cover a wide range of orbital periods from a few days up to several years or exhibit a range
of eccentricities (~ 0.3 — 1) — but their VHE y-ray emission appears to be very similar when
considering their integral luminosities (~ 1033 ergs~!) and their spectral indices (2.2 —2.7). The
only exception is the most powerful y-ray binary detected so far. The luminosity of LMP P3, lo-
cated in the LMC, is two orders of magnitude higher than the luminosities of the Milky Way y-ray
binaries. It might well be a selection effect due to the incompleteness of the Milky Way source
population, as many potential y-ray sources are hidden in the Galactic plane for the current gen-
eration of IACTs. On the other hand it may also be due to an environmental difference in the
galaxies. The y-ray binary LMC P3 will be discussed in more detail in Section 6.6.1.
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Figure 6.4: Comparison of the luminosity upper limits in the energy range of 1 — 100 TeV of the HMXB
population in the LMC and SMC and the y-ray binary population in the Milky Way as a function of the
orbital period.

Results and parameters for the known y-ray binaries are taken from the following sources (and ref-
erences therein): LS5039: Mariaud et al. 2015 [317], LMCP3: HESS collaboration 2018 [100],
1FGL J1018.6-5856: HESS collaboration 2015 [318], LS14-61303: VERITAS collaboration 2016 [319],
HESS J06324-057: HESS and VERITAS collaboration 2013 [320], PSRB1259-63: HESS collaboration
2005 [231].

Figure 6.4 shows the comparison of the Milky Way y-ray binary population and the potential y-ray
binary population of the Magellanic Clouds as a function of their orbital periods. Those HMXBs
without a given orbital period are not shown here. A test confirmed that there is no systematic
difference in the integral luminosity upper limits between those HMXBs with and without a given
orbital period, as is the case for HMXBs with a confirmed neutron star as a compact object or
without. The Milky Way y-ray binary PSRJ2032+4127 is not included due to its long orbital
period. For roughly 50% (30%) of the LMC (SMC) HMXBs and for all LMC HMXBs with an
exposure of more than 70 h, a VHE y-ray emission at the level of the full-orbit (orbit averaged)
luminosity of LMP P3 can be excluded. None of the Milky Way y-ray binaries would be detectable,
if they were placed at the distance of the LMC or SMC. Although some 7-ray binaries have been
misclassified as HMXBs in the past (e.g., LMCP3), it is very likely that most of the objects are
indeed HMXBs that have not been detected in y rays so far. It is assumed that y-ray binaries
are the progenitors of HMXBs. The typical lifetime of y-ray binaries is believed to be of the order
~ 10° yr, which means that all potential y-ray binaries resulting from the increased star formation
periods > 10°yr ago have already transformed into HMXBs, which seems to be confirmed by
Antoniou & Zezas [98]. Only those y-ray binaries that may have arisen from the most recent
star formation period may still be bright in VHE ¥ rays. Although for many HMXBs the compact
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object is confirmed to be a neutron star, as is also the case for the y-ray binaries PSR B1259-63
and PSR J2032+-4127, the companion is in most of the cases a Be-type star, making them
less likely VHE 7y-ray candidates. Only for a few HMXBs has an O or B-type companion been
confirmed (i.e., SMC X1 (HMXB 1), LMC X-1 (3A0540-697), LMC X-4 (2A0532-664), RXJ0541.5-
6833 or RX J0532.5-6551), which suggests that these objects are younger, as the lifetime of an
O or B-type star is of the order 10° — 107 yr, and hence would be more promising Y-ray binary
candidates. However, none of these objects show significant VHE 7y-ray emission in the data set
studied in this work. On the other hand, only the HMXBs LMC X1 and RXJ0541.5-6833 have
a H.E.S.S. exposure of more than 70 h and hence the upper limits of the other HMXBs may be
less constraining.

A deeper and more homogeneous exposure of ~ 70 h can clarify if LMC P3 is the only extremely
powerful y-ray binary in the Magellanic Clouds. However, the sensitivity of the data sets does
not improve significantly anymore with increasing exposure beyond ~ 70 h. The next generation
of IACTs will most likely be able to either detect more y-ray binaries in the Magellanic Clouds
with a VHE y-ray flux level on the order of the fluxes measured from Milky Way y-ray binaries or
will place deeper upper limits on the luminosities of these objects.

6.4 Star-Forming Regions Hosting Stellar Clusters

The sample of stellar clusters and SFRs that are confirmed VHE vy-ray emitters is limited to four
representatives of that source class: the super stellar cluster Westerlund 1 [321], the compact
stellar cluster Westerlund 2 [322], the SFR Cygnus Cocoon [323] and 30 DorC (the only massive
stellar cluster outside the Milky Way [23]). All of these VHE 7y-ray sources are massive, com-
pact regions that contain a number of young massive stars with strong winds like Wolf-Rayet,
O-type and B-type stars or even yellow hyper-giants and Wolf-Rayet binaries (as observed in
Westerlund 1). In the case of 30 DorC also SNRs are found within the superbubble. Collisions
of continuous stellar winds and shock fronts in single, binary or collective processes make these
stellar clusters and SFRs to promising acceleration sites for VHE cosmic rays.

The SFRs investigated in this work seem to be dominated by early-type stars that were born
< 107 yr ago [324]. Though a number of SFRs seem to reveal areas of ongoing star formation
and are correlated with young luminous stars, no evidence for the formation of massive stars at
high rates is found [105]. Furthermore, none of the 12 known isolated or binary Wolf-Rayet stars
in the SMC [325, 326] seems to be related to SFRs. The lack of strong stellar winds inside the
SMC SFRs makes these SFRs a less favourable place for efficient particle acceleration [270].
However, some of the SFRs do contain a SNR. Although, no significant VHE y-ray emission
from SNRs as point-like sources has been found, the interaction of the shock front with existing
stellar winds inside the SFRs may result in more efficient particle acceleration on a larger scale.
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The association of some massive SFRs in the SMC with molecular clouds [327] may then result
in an efficient energy loss of the accelerated protons through hadronic interactions inside the
molecular clouds and, hence, to the emission of VHE v rays.
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Figure 6.5: Comparison of the luminosity upper limits in the energy range of 1 — 100 TeV of the SFRs
located in the SMC and detected SFRs and stellar clusters in the Milky Way and the LMC.

Results and parameters for the confirmed SFRs / stellar clusters are taken from (and references therein):
Westerlund 1: H.E.S.S. collaboration 2012 [321, 328], Westerlund2: H.E.S.S. collaboration 2011 [322],
Cygnus Cocoon: ARGO collaboration 2014 [267, 329], 30 DorC: H.E.S.S. collaboration 2015 [23].

Figure 6.5 shows the comparison of the integral luminosities of the SMC SFRs and the con-
firmed stellar clusters and SFRs of the Milky Way and LMC as a function of their diameter. The
comparison reveals that no direct conclusion can be drawn as the luminosity upper limits are a
factor 2 4 higher than the most luminous stellar cluster known so far.

Although it seems unlikely that the SMC SFRs are as efficient particle accelerators as the de-
tected stellar clusters and SFRs, a final answer can probably only be given by further studies in
the X-ray and y-ray regimes. Whereas the X-ray studies may reveal whether efficient particle ac-
celeration at a comparable level to the confirmed sources takes place at all, deeper observations
in the y-ray regime with the next generation of IACTs could clarify the origin of the non-thermal
emission, which may either be leptonic or hadronic in origin. A comparison to the LMC SFR
population may also be interesting, as 13 SFRs in the LMC show increased star formation rates

of high mass stars.
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6.5 Diffuse Emission

Diffuse y-ray emission is detected at up to TeV energies for some galaxies. Besides the Milky
Way [271, 272] the two starburst galaxies M 82 [330] and NGC 253 [331, 332] and M 31 [273]
are detected in (V)HE v rays with spectra following a power law of I" ~ 2.2 without a hint of an
exponential cutoff [12, 271, 273, 332]. Diffuse HE y-ray emission with similar spectral properties
is also found for the LMC, though with a significantly lower HE 7y-ray luminosity compared to
NGC 253 or M 82 [331]. So far, there has been no detection of diffuse emission in VHE vy rays in
the LMC, raising the question of whether the nondetection is due to a lower cutoff in the parent
cosmic-ray spectrum or due to environmental differences in the LMC. However, ongoing studies
using improved analysis techniques may be able to answer this question (see discussion below).
In the case of the SMC, observations in the HE y-ray regime have already hinted at an expo-
nential cutoff in the y-ray spectrum at a few GeV, and the integral HE y-ray luminosity of the
SMC diffuse emission is even lower than in the LMC [68]. However, the statistics at 2> GeV
energies are not sufficient to confirm this exponential cutoff in the y-ray spectrum. Unfortu-
nately, the upper limits reported in this work (see Section 5.3.4) are also not sensitive enough
to confirm the existence of the exponential cutoff in the y-ray spectrum. Figure 6.6 shows a
comparison of the integral energy flux upper limit in the energy range of 1 — 100 TeV to the HE
Y-ray spectrum as seen by Fermi [108]. Assuming that the HE y-ray emission does not show
the cutoff at ~ 12 TeV as preferred by Lopez et al. but instead continues following a power law
with index I' = 2.26, the sensitivity of H.E.S.S. is still not sufficient to probe the diffuse VHE y-ray
emission, which has an expected energy flux of < 107 2ergem™2s~! at 1TeV.
Nevertheless, VHE 7y-ray emission with a luminosity at the level of the
starburst  galaxy NGC253  (Lj_j00Tev ~ 6.5 x 1038 <3.51{/Ipc> ergs~ ' [332,333]) or

M82 (Li_100Tev ~ 6.3 x 1038 <3.51{/Ipc> ergs~! [330]) can be ruled out. Although a detection
of diffuse y-ray emission at TeV energies seems to be unlikely, it should be noted that the diffuse
emission is only tested on scales of 0.4° radius. In the case of more extended diffuse emission
a VHE y-ray signal may not have been found due to the limitation of the background subtraction
method that is applied in the analysis presented in this work. A more advanced 3D likelihood
analysis, in which the background can be modelled over the entire data set without any need
of on and off region in the field of view, may be more appropriate for the analysis of extended
Y-ray emission. Such an analysis with tools that are currently developed [334, 335] could be the
subject of a subsequent study on the diffuse VHE y-ray emission in both Magellanic Clouds and
may be able to answer questions about a possible cutoff in the parent cosmic-ray spectra of the
Magellanic Clouds of < 10 TeV, the importance of the cosmic-ray density — which is shown to be
6 — 7 times smaller than the local value in the Milky Way [68] — or about the role of the source
populations and environment in the Magellanic Clouds.
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Figure 6.6: Comparison of the VHE y-ray energy flux upper limit (average value) in the energy range of
1—100TeV and the HE y-ray energy flux as seen by Fermi [108] of the diffuse emission in the SMC. The
best fits to the Fermi data, i.e., a power law model (solid grey line) and the preferred power-law with an

exponential cutoff at ~ 12 GeV (dashed grey line) are also shown [108].

116



Section 6.6

6.6 Discussion of individual sources in the Magellanic Clouds

After a discussion and comparison of the entire source population of the Magellanic Clouds,
this section focusses on a few individual sources that are either exceptional in their VHE y-ray
emission or were expected to be detected at TeV energies. For the three LMC sources LMC P3,
N 157B and SN 1987A, the dedicated analysis that is performed is described first and is followed
by a discussion of the results. In addition, the LMC PWN N 158A, SMC SNR B0102-7219 and
SMC PWN IKT 16, for which a detection in TeV energies was expected, are discussed in more
detail.

6.6.1 Increasing the Population of y-ray Binaries — the Case of LMC P3

LMC P3 is one of seven y-ray binaries and the first Extragalactic y-ray binary discovered so
far. The y-ray detection by the Fermi-LAT satellite [276] confirmed that binaries classified as
HMXBs [285] can indeed accelerate particles to ~GeV energies and thus belong instead to the
class of y-ray binaries. Located in the supernova remnant SNR 0535-67.5 inside the HIl region
DEML241, the compact object (neutron star or black hole) orbits the O-type companion star
every 10.301 £0.002 days [276].

The LMC survey analysis was performed to provide an unbiased population study. Although it
did not result in a detection (o = 1.9), the similarity to the known y-ray binaries LS 5039 and
1FGL 1018.6-5856 suggests that LMC P3 may also be a TeV source and hence a more in depth
investigation of this source may lead to a detection of VHE 7y-ray emission from the binary.

A more sensitive analysis configuration with harder cuts and increased angular resolution at
large zenith angles [48, 336] is chosen for this analysis to improve the direction reconstruction
and increase the signal-to-noise ratio and hence increase the chance for a detection. After the
Y-hadron separation following the Multivariate Analysis technique as described in Section 3.1.5,
a further cut on the image displacement inferred from Hillas parameters in the reconstruction
procedure is applied as well as an additional cut on the estimated direction uncertainty. These
cuts improve the angular resolution to < 0.06° at zenith angles of 50°, an improvement of more
than 50% compared to the angular resolution of ~ 0.14° at zenith angles of 60° achieved with
the LMC survey analysis. However, the improvement of the angular resolution comes at the
expense of lower effective area, which is decreased by up to 50% at low energies. Hence,
the hires configuration is especially suitable for sources with hard spectra in VHEs, which are
typically observed in y-ray binaries.

A point-source analysis, based on the same data set that was used for the LMC survey, targeted
at the binary LMC P3 and applying the hires configuration, revealed a point-like orbit-averaged
emission with a significance of o = 4.1 above an energy threshold of 1.2 TeV. As y-ray binaries
typically show an orbital modulation of the signal, a phase resolved study is performed. As the
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Table 6.1: Statistical results and spectral parameter for different orbital phase bins of LMC P3.

Orbital phase bin | Lifetime | Significance FiTev r Fi—10Tev L1-10Tev
10712 10712 1035

[h] (o] [TeV-lcm=2s7 [cm—2s7!1 | [ergs™!]
0.0-0.2 22.9 1.90 - | 2.3 (fixed) <0.27 <4.2
0.2-04 21.8 4.97 097 £056 | 294+04 | 050+ 0.20 | 45+1.7
0.4-0.6 27.7 1.30 - | 2.3 (fixed) <0.18 < 2.8
0.6-0.8 28.5 -0.13 - | 2.3 (fixed) <0.13 <2.0
0.8-1.0 26.4 0.82 - | 2.3 (fixed) <0.12 <1.8

If no significant VHE 7y-ray emission is detected in the orbital phase bins, an integral flux upper limit in the energy
range of 1 — 100 TeV is derived at a 95% confidence level by assuming a power law with spectral index of I' = 2.3.

H.E.S.S. sensitivity does not allow for a detection of significant y-ray emission on a nightly basis
(unless the source is as bright as the PWN N 157B) a phase-folded lightcurve is computed to
search for potential orbital modulations. For this purpose the data set was split into five phase
bins according to a 10.301 d orbit with phase bin 0.0-0.2 being centred on the HE maximum as
detected by Fermi (MJD 57410.25 4 0.34 for sinusoidal modulation) [276]. The phase bins are
filled on an event-by-event basis for the whole data set based on the arrival time of the events in
the camera resulting in a roughly homogeneous exposure in all phase bins (only phase bin 0.6-
0.8 has a slightly higher exposure). The result is presented in Figure 6.7 and the corresponding
numbers are listed in Table 6.1. The phase-folded lightcurve clearly reveals that VHE emission
from LMC P3 is only detected within the second phase bin with a significance of o ~ 5.0. To
verify the significance of the orbital modulation, the folded lightcurve (in units of excess and flux)
is fitted with a lightcurve of constant flux, resulting in a xz—probability of < 0.1. Further tests that
are typically applied to quantify the periodicity of a signal (e.g., the Rayleigh test [337] or H-test
[338]), do not yield reliable results due to missing coverage of parts of the phase space as well
as too low statistics in the phase bins.

With an on-peak luminosity of 4.5+ 1.7 x 103 ergs~! in the energy range of 1 — 10 TeV, when
taking the distance to the LMC to be 50kpc, LMC P3 is the most luminous 7y-ray binary discov-
ered so far, being more than one order of magnitude more luminous than the known Milky Way
Y-ray binaries. The spectrum of the on-peak emission can be described by a power law with
Fitev =0.97+0.56 x 10712 TeV~!cm 2 s ! and a spectral index of I' = 2.9 & 0.4 without an
indication of a cutoff up to at least ~ 10 TeV. As the observed y-ray emission is point-like and
modulated with the orbital period, the size of the emission region is at most the size of the bi-
nary system. Assuming a typical mass of 25 — 42M,, for a companion of type O5IIl [285, 339]
and a mass of 1.4M, for a neutron star as the compact object, Kepler’s third law leads to a
lower limit on the orbital semimajor axis of 0.28 — 0.33 AU. Periastron and apastron are given
by aper = a(l — €) and aqp = a(l + €), respectively, with a being the semimajor axis and &
the eccentricity. The estimated upper limit of € = 0.7 [276], at which point the orbital separa-
tion at periastron would be equal to the radius of the star, yields a lower limit on periastron of
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Figure 6.7: Folded y-ray lightcurve for the y-ray binary LMC P3. The data set is folded into 5 phase
bins according to an orbital period of 10.301 d with phase bin 0.0-0.2 centred on the HE maximum (MJD
57410.25). For the off-peak phase bins upper limits are estimated. The VHE y-ray maximum is clearly
shifted compared to the HE y-ray maximum as seen by Fermi-LAT (grey) [276].
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aper = 0.1 AU and an upper limit on apastron of a,, = 0.5 AU. When assuming a less eccentric
orbit of € = 0.4, the orbital separation at periastron and apastron would be aper = 0.2 AU and
azp = 0.4 AU, respectively.

As the nature of the compact object is unknown, the VHE 7y-ray emission can be explained in
either a pulsar scenario or a microquasar scenario. For more details on the theoretical back-
ground, the reader is referred to Section 4.3.3. In the pulsar scenario electrons are thought
to be accelerated either in the vicinity of the pulsar or in the termination shock of the colliding
winds of the pulsar and the stellar wind. The relativistic electrons and positrons emit y-rays by
inverse Compton scattering photons from the stellar photon field. The surface brightness of an
OS5Il star is typically ~ 5 x 105L@ which translates into an energy density of ~ 2600ergcm > -
~ 80 ergcm 3 for the highly eccentric orbit with variations between 0.1 —0.5 AU. To calculate the
total energy in electrons and positrons that would be required to explain the observed on-peak
y-ray emission of Lon—peak = 4.541.7 x 10%° ergs ™!, the following assumptions on the physical
properties of the binary system are made: i) a nominal mass of the companion of 40M., [339]
and ii) a moderate eccentricity of € = 0.4 which translates into a semimajor axis of 0.32 AU.
Thus, the photon field energy density at 0.32 AU is 235 ergs 3. The equipartition magnetic field
required for this photon field energy density is Beq ~ 70 G. In such magnetic fields, cooling of
the parent electron population via synchrotron emission is negligible and it can be assumed that
most of the energy is converted into y rays via inverse Compton emission. The inverse Compton
scattering of the stellar photons is assumed to take place in the Klein-Nishina regime, where the
cooling time for an electron can be estimated following Khangulyan et al. [340]

; -1/ g \07
N =17 x| s ° : 1
KN 8 <IOOergcm—3) (1TeV> > (61)

The cooling time for an electron with an energy of 1 TeV is of the order 10%s [340], which is

significantly smaller than the escape time and hence the system is assumed to be in steady
state. In that case, the injection power into the electrons can be assumed to be equal to the
power lost via inverse Compton photon emission. Thus, the source accelerates a population of

036 Uin the energy range of 0.5 — 50 TeV* with an injection index

electrons at a rate of ~ 10°° ergs™
of I'. = 2.9. The total energy content of the steady-state electron population is ~ 10’8 erg. A
higher eccentricity of € = 0.7 would reduce the total energy by a factor of ten due to smaller
distances between the two objects and hence higher photon field energy densities. As the
electron cooling is dominated by inverse Compton scattering in the Klein-Nishina regime, the
steady state electron spectrum in the system steepens to an index of I, = 2.2. The subsequent
photon spectrum observed by H.E.S.S. has an index of I'y, = 2.9, as in the Klein-Nishina regime

in the steady state the photons have the same index as the injected electrons. However, the

“Here, the energy range covers two orders of magnitude, which means that the power in electrons is double the
power in photons.
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pulsar’s spin-down power is constrained by the accelerated rate of electrons and needs to be
E> 10%% ergs~! in order to provide the energy for the observed VHE Y-ray emission alone.

In the microquasar scenario, in which particles are assumed to be accelerated in a jet launched
through the accretion of stellar wind material onto the compact object, energy stored in the grav-
itational potential is channeled through accelerated particles into non-thermal radiation. The
compact object can be either a black hole or a neutron star. Assuming a neutron star as the
compact object gives a lower limit on the accretion luminosity that can be reached by the sys-
tem. The accretion luminosity of a neutron star can be estimated via:

GM_oM, M, M, 10k
Lyoe = —coMace ( €0 ) ( e 1) ( m) x 1.2x 10%%ergs™", (6.2)
Reo 14M® 10— M@yr* Reo

where M, and R., are the mass and radius of the compact object and M, is the mass ac-
cretion rate [341]. As the accretion rate is mostly unknown, the equation can be rewritten to
depend on the stellar mass-loss rate. A stellar wind particle is captured when its kinetic energy
is lower than the potential energy of the compact object resulting in an accretion disc with radius
Face = % surrounding the compact object. Setting the mass accretion rate of material in a

w

disc in relation to the mass-loss rate of material ejected in a sphere:

y 2 2102
Mace  Tryee  G°Mg,

: = = (6.3)
Myyss 4ma®?  a®vy,
and inserting Equation 6.3 in Equation 6.2 yields:
Mioss 0.32AU 1000kms
Lacc - —6 1 (64)
10~ Mz yr a Vw
3

MCO 10km 36 —1
x 1.8 x 10 . 6.5
><(1.4M@> ( Reo s 65)

Typical values for the mass-loss rate [342] and the minimum wind velocity necessary to escape
the potential energy of the star are used in Equation 6.5. The high y-ray luminosity of LMC P3 can
only be produced if the binary system exhibits extreme physical parameters. High wind velocities,
high mass-loss rates, a highly eccentric orbit and/or a conversion efficiency from the spin-down
power through accelerated particles into non-thermal radiation close to unity are necessary to
provide the accretion luminosity that would be required to explain the observed y-ray emission
within the microquasar scenario.

Furthermore, the orbital modulation shows that the peak of the VHE 7-ray emission is shifted
with respect to the maximum of the HE 7y-ray emission by one-fifth of the orbital period. The
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orbital modulation may be explained by Y-y absorption, anisotropic inverse Compton scattering
and/or the eccentricity of the orbit. More details are given in Section 4.3.3. A combination of
all three mechanisms can naturally explain the shift between the peak luminosities of the HE
and VHE emission. Inverse Compton scattering is most efficient at superior conjunction, where
collisions occur head-on, and least efficient at inferior conjunction, where only tail-on collisions
are seen by the observer. Whereas the HE emission is mostly unaffected by y-y absorption,
pair creation with the stellar photon field leads to a shift of the emission in the VHE regime as
the Y-y absorption is strongest at superior conjunction and lowest at inferior conjunction. Hence,
superior conjunction would be at phase 0.0 and inferior conjunction would be between phases
0.2 and 0.4. Furthermore, the eccentricity of the orbit may also explain the orbital modulation. To
explain a VHE 7y-ray modulation by a factor of > 2.5, corresponding to the ratio between the on-
peak luminosity and the off-peak upper limit, the binary separation must vary by a factor of > 1.6,
what would result in a lower limit on the eccentricity of € > 0.23, which was indeed confirmed in
a recent study [343]. Finally, the HE and VHE y-ray emission may also arise from two different
particle populations being accelerated at two different sites. Whereas the HE emission may
be accelerated in the apex of the contact discontinuity between the stellar wind and the pulsar
wind, the VHE component may originate from the termination shock on the opposite side [254].
Together with the geometry of the system, the phase-shift of the HE and VHE 7-ray lightcurves
could be explained in this way.

LMC P3 is the most powerful y-ray binary detected so far. With the sensitivity of current IACTs
and the study of the Magellanic Clouds presented in this work the existence of similarly luminous
Y-ray binaries in the LMC or SMC can be ruled out. Why there is no detection of a similarly
luminous 7y-ray binary in the Milky Way can have several reasons. One possibility might be that
due to the orbital modulation of their y-ray emission, they simply have not yet been identified as
the orbit averaged flux may be significantly lower. They may also be hidden behind the Galactic
plane. Lastly, the very luminous y-ray binaries in the Milky Way may have evolved to HMXBs
already or may simply not exist in our current time window due to the lower star formation rate in
the past millions of years compared to the Magellanic Clouds.

However, more (and more accurate) measurements of orbital periods as well as better and more
homogeneous coverage over the orbital period will lead to an improved phase resolution and
thus may help to improve the current understanding of the particle acceleration mechanisms and
the orbital modulations. In addition, a better sensitivity of the IACTs may help to increase the
population of y-ray binaries and hence may answer the question of whether there are common
similarities among all y-ray binaries or whether they are indeed all objects that need individual
examination.

The results of this study were published in a paper® [100].

SNumbers may differ between the results that are published here and in the publication as a different software
framework was used for the analysis of the published results.
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6.6.2 The Young Supernova SN 1987A

Supernova SN 1987A, located in the LMC, was discovered on February 23, 1987. Being the first
"naked-eye" supernova since 1604 (Kepler supernova) and thus offering the possibility to study
the early evolutionary phase of a supernova producing a SNR, its thermal and non-thermal spec-
tra have been intensively studied over a broad range of wavelengths from radio to y rays. The
birth of the supernova was marked by a burst of neutrinos [344, 345], signifying the formation of
a neutron star, followed by a rapid luminosity increase at optical wavelengths a few hours later
[346, 347]. The multiwavelength observations indicate that SN 1987A resulted from an atypical
type II-P supernova event in a complex circumstellar medium (for a review see [348, 349]). The
interaction of the shock wave with the circumstellar medium results in an increase of hard X-ray
and radio emission. Whereas the X-ray emission seems to have a mainly thermal origin, the
detection of non-thermal radio emission confirmed the existence of electrons being accelerated
and emitting photons via synchrotron radiation. Recently, a hint for an increase in X-ray and GeV
flux was found [350, 351], which would confirm that cosmic-ray particles are accelerated to up to
~ TeV energies. However, the authors argue that the flux increase may be due to a systematic
bias (X rays) or that source confusion may play a role (GeV v rays).

Based on the detection of non-thermal radio emission, hydrodynamic models have been pro-
posed suggesting efficient cosmic-ray proton acceleration at the shock front of SN 1987A which
would result in VHE y-ray emission from 0 decay. Depending on the assumptions for the proper-
ties of the circumstellar medium the predicted flux above 1TeV ranges between
~2.5%x10"Bem™2s™! (in the year 2010) [352] and ~ 8 x 10~ ecm~2s~! (in 2013) [353].
Observations taken by H.E.S.S. between 2005 and 2012 resulted in an upper limit on the flux
above 1 TeV of 5 x 10~ *em~2s~!, thus constraining the predicted flux level for both models. A
revised model by Berezhko et al., who consider new observational results on the properties of
the circumstellar medium as well as a lower mass of the outward moving equatorial ring, led to
the prediction of VHE ¥ rays just below the predicted flux upper limit published by H.E.S.S. The
predicted maximum of the VHE y-ray emission is expected to have occurred in 2015 followed by
a gradual decrease with time. On the other hand, Martin et al. propose a two-component model
considering a forward and a reverse shock, predicting a continuous increase in the VHE 7y-ray

flux that reaches a flux level of ~ 4 x 10~ 14cm~—2

s~ ! in the energy range of 1 — 100 TeV at an
age of 30 years [354]. In October 2017 H.E.S.S. started a monitoring campaign of SN 1987A
to test the model predictions. The results for the first two years of the monitoring campaign are

presented here.

Between October 2017 and December 2019, 90h of observations were performed towards
SN 1987A with the full HESS-II array resulting in an exposure of 87 h. In addition, ~ 55h of
CT1-5 observation were taken in conjunction with the LMC survey and observations towards the
Tarantula nebula between 2013 and 2016, which are also included in the analysed data that
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is presented here. Due to problems with the CT5 camera, roughly 40% of the runs taken with
the CT5 camera do not pass the selection criteria reducing the available CT1-5 time by roughly
40%. To achieve a better sensitivity in the analysis, only data taken by CT1-4 are taken into
account, resulting in an increased energy threshold in the analysis. A dedicated analysis of
SN 1987A is performed by applying the reflected region background model. The template based
Y-ray reconstruction framework is used and standard cuts are applied in the analysis. The en-
ergy threshold is defined by the minimum energy at which the energy bias is less than 10%.
For a better comparison of the results with the previously published integral flux upper limit by
the H.E.S.S. collaboration in 2015, the data set that was taken between 2004 and 2012 was
also reanalysed with the same analysis settings that were described before. The data set of the
SN 1987A monitoring campaign is also split into three sub data sets to probe the existence of a
temporal flux increase.

No significant VHE 7y-ray emission between 2013 and 2019 is found from the young
SNR SN 1987A and upper limits on the flux in the energy range of 1 — 100 TeV are derived.
The results are summarised in Table 6.2. The slight increase in significance in the 2004 - 2012
as well as 2013 - 2019 data sets is most likely caused by spillover from the extremely bright PWN
N 157B that becomes increasingly significant with increasing exposure. In addition, no signifi-
cant increase in the integral luminosity between 2017 and 2019 is found. The higher significance
and hence the higher integral flux upper limit in 2019 are likely caused by the reduced exposure.
However, the results are still consistent with the results of the other data sets within the statis-
tical uncertainties. Figure 6.8 compares the luminosity upper limits to the model predictions by
Berezhko et al. and Martin et al. [352, 354]. The luminosity upper limit® that was published by the
H.E.S.S. collaboration in 2015 is also shown. Due to the use of different analysis frameworks
for the analysis presented here and the one presented by the H.E.S.S. collaboration in 2015,
the probed sensitivity level is slightly better for the published flux upper limits than the results
presented here. Both model predictions are well in agreement with the luminosity upper limits
derived from the H.E.S.S. observations.

To probe the validity of both model predictions, either a detection of SN 1987A in VHE v rays or
a better instrument sensitivity are required. On the one hand, a detection of SN 1987A would
mean that a revision of both models is needed. On the other hand, observations with the next
generation of IACTs with an improved sensitivity of roughly one order of magnitude may help
to distinguish between both models. Whereas a detection of SN 1987A with a luminosity of

1

~ 10% ergs~! could favour the model by Martin et al., a non-detection and hence an upper limit

of <103 ergs~! would favour the model by Berezhko et al.

5Due to a mistake in the conversion of the integral flux upper limit into an integral luminosity upper limit, the

published luminosity was too constraining. The correct value should be 1 x 103 ergs— L.
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Figure 6.8: H.E.S.S. integral luminosity upper limits for SN 1987A. The luminosity upper limits are esti-
mated in the energy range of 1 — 100 TeV for different time periods as described in the text. The results
are compared to two different model predictions for the expected VHE y-ray emission from SN 1987A by
Martin et al. (red curve) [354] and Berezhko et al. (green curve) [355].

Table 6.2: Significances and flux upper limits for the different data sets of SN 1987A.

Period livetime | significance ULg ULy

[h] (o] (107 19m—2s71] | [10¥ ergs™]
2004 - 2012 209 35 11.21 2.16
2013 - 2019 143 2.6 11.98 2.31
2017 - 2019 87 2.0 14.60 2.82
Oct 17 - Apr ‘18 42 0.68 15.65 3.02
Sep’18 - Dec’18 24 0.74 15.72 3.08
Aug ’19 - Dec '19 21 2.37 28.78 555
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6.6.3 The Exceptionally Powerful PWN N 157B

The LMC PWN N 157B is the first (and so far only) Extragalactic PWN detected in VHE v rays
[356]. It has a pulsar spin-down power of £ = 4.9 x 1038 ergs~! and a spin period of P = 16 ms,
comparable to those of the Crab nebula (E = 4.5 x 1038 ergs™!, P = 33 ms), making the two
PWNe appear as twins [186]. However, their observed emission spectra are quite different.
Whereas the differential non-thermal X-ray luminosities of N 157B are roughly one order of mag-
nitude lower than those of the Crab nebula, the differential VHE 7y-ray luminosity has been mea-
sured to be one order of magnitude higher [23, 45, 357]. The X-ray and y-ray luminosities of
N 157B are at a comparable level, while the X-ray luminosity of the Crab nebula is two orders of
magnitude higher. These differences can hardly be explained by the marginal differences of the
source properties. As PWNe are assumed to be leptonic accelerators producing non-thermal
emission via synchrotron radiation and inverse Compton scattering, the level of the non-thermal
emission mainly depends on environmental properties like the strengths of the magnetic field
and the ambient photon field (see Section 4.3.2). Thus, the difference in the ratio of X-ray to
Y-ray luminosities between the two PWNe may be explained by a combination of a weaker mag-
netic field of < 45uG for PWN N 157B compared to the Crab nebula (~ 124uG [358]), which
reduces the synchrotron emission from N 157B, and a strong ambient radiation field that boosts
the inverse Compton emission. Several authors suggest that N 157B is associated with the star
cluster LH99 [278, 357, 359], which would naturally provide the necessary strong infrared ra-
diation field, estimated to be ~ 28 eV cm™ (see Section 6.2). The H.E.S.S. collaboration used
multiwavelength data (X-ray data from Chandra, HE flux upper limits from Fermi-LAT and their
own results) to infer the properties of the parent electron spectrum. The favoured model to de-
scribe the multiwavelength spectrum of N 157B assumes the same injection parameters as for
the Crab nebula with a minimum electron energy Enin = 400 GeV, a cutoff at E. = 3.5 PeV and
an index of I'. = 2.35 and requires a constant injection of 11% of the current spin-down power
in a magnetic field of 45uG and a radiation field energy density of ~ 20eV cm—3 [23]. However,
the X-ray flux is better fit when assuming a spectral index of I'. = 2.0, which would require a
much lower energy cutoff of E. < 100 TeV but no change in the magnetic field. Ultimately, the

~

statistics at the highest energies were not sufficient to distinguish between the two models.

Since the publications of the VHE v-ray results by the H.E.S.S. collaboration in 2015, further
observations have been taken of the PWN N 157B, which are presented here. The total exposure
on N157B is now 235 h. A dedicated analysis, analogous to the analysis of SN 1987A, leads to
a VHE y-ray detection at a significance level of o = 29. above an energy threshold of 350 GeV.
The somewhat reduced significance compared to the publication in 2015 is due to the different
analysis framework that is used for the analysis presented here. A power law spectrum as
well as a power law with exponential cutoff are fit to the data points (see Figure 6.9). The
exponentially cutoff power law is preferred with a significance of o = 3. The exact fit parameters
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Table 6.3: Statistical results and spectral parameter for N 157B.

Livetime [h] 235
Significance [C] 29.1
Photon index I 2.2+0.1
Fitev [1072cm™2s 1 TeV~!] | 0.8440.04
Cutoff E [TeV] 9.115:}
Ly (1 —100TeV) [1033ergs™!] 5.59

are summarised in Table 6.3. The exponential cutoff is found to be at E. = 9.1f3j TeV. This
result is well in agreement with the alternative model described by the H.E.S.S. collaboration,
which requires a cutoff in the electron injection spectrum at E. < 100 TeV, revealing an intrinsic
difference in the parent electron spectra between the Crab nebula and N 157B.

To get a better estimate on the total energy in electrons and their spectral energy distribution,
improved measurements of the ambient magnetic field are required to fix the ambient radiation
field energy density and hence the maximum energy in electrons. In addition, position resolved
X-ray observations may help to understand the magnetic field morphology as well as cosmic-ray
transport in the vicinity of PWNe.
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Figure 6.9: Spectrum of N157B. The results for a fit with a power law (red) and a power law with ex-
ponential cutoff (blue) are shown. The exponentially cutoff power law is preferred with a significance of
30.
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6.6.4 N158A — the Twin of N157B

N 158A is located in the LMC and seems to be another "sibling" of the Crab nebula and N 157B.

The PWN has a spin-down power of £ = 1.5 x 103 ergs™!

, a spin period of P = 50ms and
an age of 1600yr [186] and is powered by the first pulsar that was detected in 7y rays outside
the Milky Way, PSR J0540-6919 [360]. As it is a factor of ~ 2 brighter than the Crab nebula,
even the ratio of its X-ray luminosity to y-ray luminosity is comparable for the two PWNe (PSR
J0540-6919: Lx/Ly ~ 1 vs Crab: Lx/Ly ~ 5; all others: Lx/Ly ~ 1073 —107%) [360, 361].
Though the pulsar PSR J0540-6919 is only detected up to ~ 10GeV and no 7y-ray emission
from an associated PWN has been detected so far, Martin et al. predicted a possible detection
at up to ~TeV energies within an observation time of 50h due to a high far infrared energy
field density of SeV cm™> [277] (6eVcm ™3 in this work). However, the H.E.S.S. collaboration
did not detect significant VHE y-ray emission and published an upper limit on the flux in 2015
[23]. In Addition, the analysis presented in this work did not show any significant VHE y-ray
emission for an exposure of ~ 190 h for either the pulsar or the PWN. An integral flux upper
limit is estimated to be Fi_jgoev < 7.8 X 107 1*em~2s~!, which translates into a luminosity of
Li_1007ev < 1.2 x 103 ergs~!. The luminosity upper limit is roughly a factor 5 below the lumi-
nosity of N 157B, and hence N 158A cannot be described as a sibling of N 157B when comparing
the y-ray spectra. On the other hand, even the Crab nebula would only be barely detectable if it
were placed at the distance of the LMC. Although the three Crab-like PWNe N 158A, N 157B and
the Crab nebula are very similar in their intrinsic physical properties and their X-ray luminosities
are comparable, their VHE y-ray luminosities seems to depend on other factors. A possible ex-
planation is that the photon field energy density is in fact overestimated. The photon field energy
density may not be associated with the PWN due to the line-of-sight depth of a few kpc of the
LMC. A significantly lower infrared photon field energy density and hence a significantly reduced
amount of target material for the inverse Compton scattering that would lead to the VHE vy-ray
emission, could explain the nondetection in the VHE vy-ray regime. Another possible explanation
may be the strength of the magnetic field. High magnetic fields in N 158A, exceeding those of
the Crab nebula, would lead to large synchrotron losses in the magnetic field and hence the
inverse Compton scattering may result in a VHE 7y-ray flux below the sensitivity of the H.E.S.S.
experiment.

6.6.5 The SMC SNR B0102-7219

B0102-7219, also known as 1E0102.2-7219, is the brightest X-ray SNR in the SMC, being
~ ten times brighter than all other SNRs in the SMC [362]. It is often compared to the LMC
SNR N 132D as both are oxygen-rich, middle-aged (kinematic age between 1000 and 3000 yr)
SNRs surrounded by a denser environment compared to other SNRs in the Magellanic Clouds
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[302, 363—370], thus being also similar to the Milky Way SNR Cas A. For both SNRs in the Mag-
ellanic Clouds, a type Ib supernova event is thought to be the progenitor [363], although a more
recent study favours a type Ilb supernova event for B0102-7219 [371]. However, after the de-
tection of the LMC SNR N 132D in HE [69] and VHE [23] ¥ rays, a detection of the SMC SNR
B0102-7219 seemed to be in reach with the current generation of IACTs. However, the results
presented in this work revealed no significant VHE y-ray emission from B0102-7219. One reason
may be the significantly lower H.E.S.S. exposure of the SMC SNR (~ 40 h) than the LMC SNR
(~ 150h). N 132D in the LMC was only detected with a low significance by the H.E.S.S. collab-
oration in 2015 [23] and is not detected at all within the population study presented here with
an exposure of ~ 170 h. The reason is again the different sensitivities of the analyses that were
applied to the published data set and the one used in this work. The lower exposure combined
with the larger distance of the SMC makes a detection of BO102-7219 unlikely. Furthermore, the
ambient density seems to be higher in the case of N 132D [302, 370], for which there is evidence
for an interaction of the progenitor star wind of N 132D with dense molecular clouds in the sur-
rounding ISM [372]. The H.E.S.S. collaboration considers a hadronic cosmic-ray acceleration
scenario for N 132D as more likely than a leptonic acceleration scenario. The high ISM densities
that are required for a high y-ray flux through hadronic interactions is thus naturally provided by
these molecular clouds. In the case of a predominantly leptonic acceleration scenario, in which
the y-ray flux would be mainly caused by inverse Compton scattering of low energy photons, a
high RED and a moderate ambient magnetic field (which is required to be ~ 20 uG for N 132D)
are required. The RED is estimated to be compatible for both SNRs (~ 1 —2eVcm™3, this
work), while the magnetic field strength is unknown for both SNRs. Thus, the difference in the
sensitivity reached due to the lower exposure towards the SMC SNR B0102-7219 might be a
more plausible explanation. However, an intrinsic difference between the SNRs, such as the
efficiency of converting kinetic energy into energy of cosmic rays, cannot be ruled out.

A deeper exposure of B0102-7219 with the H.E.S.S. experiment or observations with the next
generation of IACTs would be required to increase the y-ray statistics and hence to better com-
pare the two SNRs B0102-7219 and N 132D. In addition, in order to be able to distinguish be-
tween the hadronic and leptonic acceleration scenarios, improved measurements of the non-
thermal spectrum in X rays would be required to confirm or disprove a substantial synchrotron
component in X rays, which would be visible in a predominantly leptonic scenario. Finally, the
measurement of the magnetic field strength around both SNRs would help to better understand

the acceleration mechanisms in the two sources.

6.6.6 IKT 16 — the Most Powerful PWN in the SMC

IKT 16 is one of two composite SNRs in the SMC with a confirmed PWN in its centre [288, 373].
The compact object is suggested to be a pulsar with a spin period of P ~ 100 ms and a spin-
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down power of £ = 103" ergs~! [288].
The non-thermal X-ray spectrum is described by a power law with index I = 2.2, which is com-
parable to the X-ray spectral index of I' = 2.3 of the LMC PWN N 157B [277]. In contrast, the

luminosity of IKT 16 is measured to be Lo 5_giev = 1.2 X 1034(61‘1’(pc) ergs—! [288], roughly two

orders of magnitude lower than the luminosity measured for N 157B [357]. However, the X-ray
luminosity is comparable to the X-ray luminosity of the Milky Way PWN Vela X, which has indeed
been detected in VHE 7 rays [374], suggesting that IKT 16 might also be detectable by H.E.S.S.
With an age of 14.7 kyr it belongs to the middle-aged PWNe. For these objects, models predict
a VHE y-ray luminosity ranging between 0.1 — 10 times the X-ray luminosity, depending on the
assumptions of the initial parameters of the PWNe (e.g., the spin-down power at the birth of the
PWN) and their environment (e.g., the ISM density) [8, 227, 375].

A possible VHE y-ray flux that is a factor 5 — 10 higher than the X-ray flux is discussed by Alsaberi

1

et al. [289]. A luminosity of a few x 10 ergs~! would be detectable with the current generation

of IACTs. The nondetection of significant VHE y-ray emission and the resulting luminosity upper

limit of L1_100Tev S 2 x 10% !

ergs™ ~ suggest that either the VHE y-ray luminosity is less than
a factor of ~ 10 higher due to a lower conversion efficiency from kinetic energy in electron into
VHE 7y rays or the ambient radiation field energy densities are too low, thus resulting in a VHE

Y-ray flux below the sensitivity of the current generation of IACTs.
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Summary and Outlook

The increasing number and diversity of Galactic and Extragalactic VHE y-ray sources discovered
since the beginning of this century demonstrates the universality of particle acceleration to multi-
TeV energies in various astrophysical environments. y-ray astronomy started the transition from
discovering new, individual objects to conducting surveys that lay the foundation for population
studies in the VHE y-ray regime. While the study of individual objects reveals information about
particle acceleration mechanisms and the interplay between the relativistic cosmic rays and the
environment of the source, population studies allow for a systematic study of the different source
classes and deliver information about their nature and evolution. Source population studies
based on the HGPS have already led to new insights into the Galactic source population and
revealed the importance of the environment for the measured y-ray emission. To find out if the
VHE vy-ray source population as well as particle acceleration and interaction mechanisms in the
Milky Way are unique in the universe, observations of other galaxies such as the Magellanic
Clouds, the only galaxies for which individual sources can be resolved with current generation of
IACTs, are required.

In this thesis the analysis of the H.E.S.S. surveys of the Magellanic Clouds is presented. The
survey data sets for both galaxies are analysed in a systematic way by taking the instrument,
analysis and data set dependent systematic uncertainties into account to ensure an unbiased
flux estimation of the potential VHE 7y-ray sources of the Magellanic Clouds. The search for
point-like y-ray emission led to the detection of the exceptionally powerful y-ray binary LMC P3.
The vy-ray flux is modulated with the orbital period of the system and reaches an on-peak lu-
minosity of 4.5+ 1.7 x 103 ergs™!, which is two orders of magnitude more luminous than the
luminosity of known 7y-ray binaries in the Milky Way. The emission can either be explained by the

pulsar scenario, in which the pulsar’s spin-down power is estimated to be £ > 10°° ergs~!

,orin
the microquasar scenario, in which high wind velocities, high mass-loss rates, a highly eccentric

orbit and / or a conversion efficiency from the spin-down power through accelerated particles into
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non-thermal radiation close to unity are necessary to provide the accretion luminosity that would
be required to explain the observed y-ray emission. The larger data set led to an increased event
statistics for the PWN N 157B and allowed for an improved reconstruction of the spectrum re-
vealing a cutoff at E. ~ 9 TeV. This result is consistent with the modelled electron spectrum from
the H.E.S.S. collaboration which predicts a cutoff in the electron spectrum at < 100 TeV [23] and
thus reveals an intrinsic difference in the parent electron spectra between the Crab nebula and
N 157B. Finally, the new observations taken of the young supernova remnant SN 1987A allowed
for the probing of acceleration timescales of 30 yr after the supernova explosion. The analysis
revealed that a potential VHE y-ray emission of SN 1987A is still below the sensitivity threshold
of the current generation of IACTs. The estimated integral flux upper limits are about one order
of magnitude above the luminosity predicted by Berezhko et al. [352] and Martin et al. [354].
Continuous monitoring (with a better instrumental sensitivity as provided by the next generation
of IACTs) of SN 1987A is required to probe even longer acceleration timescales and to possibly
differentiate between the two model predictions.

No further significant VHE y-ray emission was found in the LMC and SMC data and integral flux
upper limits are estimated for the entire data sets. Based on non-thermal radio and X-ray cat-
alogues of individual sources in the Magellanic Clouds, a H.E.S.S. source candidate catalogue
of potential VHE vy-ray sources is generated for both galaxies, which is used for a comparison of
the source populations between the LMC, SMC and the Milky Way.
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Figure 7.1: Integral luminosity upper limits as a function of acceptance corrected lifetime. The luminosities
of known sources in the LMC and the Milky Way are denoted by dark and light green dashed lines,
respectively. The integrated sensitivity for an exposure of 340 h towards the LMC with CTA is shown with
a magenta dashed line [376].

The comparison of the source populations of the Magellanic Clouds and the Milky Way have re-
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vealed that no other source in the Magellanic Clouds is as bright as the most powerful VHE y-ray
source known so far: the PWN N 157B, and that one-third of the source population of the Magel-
lanic Clouds is less luminous than the other three known sources in the LMC (L ~ 10*° ergs™!),
i.e. the SNR N 132D, the y-ray binary LMC P3 (full-orbit luminosity) and the superbubble 30 DorC,
as is shown in Figure 7.1. Thus, only 30% of the source population of the Magellanic Clouds
can be probed in an unbiased way. A couple of sources are are shown to be even less luminous
than the Milky Way sources HESS J1640-465 and the Crab nebula.

The reasons for the non-detections can be manyfold including the limitation of the sensitivity of
the H.E.S.S. telescopes, intrinsic differences in the physical properties of the source populations
of the LMC, SMC and Milky Way or differences in the different environments of all three galax-
ies. In general, the source populations of the Magellanic Clouds seem to be older compared to
the populations of the Milky Way. Most of the binaries have already transitioned from the y-ray
phase to the HMXB phase, in which VHE y-ray emission has not yet been observed for any of
the sources, yet. The few binaries that may still be in the y-ray phase either seem to have less
extreme orbital and stellar parameters or are located in a less dense environment. The SNR
population is in general older than 10*yr and thus is more comparable to the old Milky Way
SNRs W28 and W51C for which the VHE 7-ray emission is most likely caused by interactions
of relativistic protons with nearby molecular clouds. As there seems to be only little spatial cor-
relation between molecular clouds and SNRs in the LMC [313], the luminosities measured for
the two Milky Way SNRs are more than one order of magnitude lower than can be constrained
by the luminosity upper limits of the Magellanic Clouds SNRs and a cutoff in the y-ray spectrum
is expected at < 1TeV; therefore, a detection for most of the Magellanic Cloud SNRs in VHE y
rays is unlikely. However, both Magellanic Clouds host a couple of young SNRs like B0102-7219
in the SMC, which is often compared to the oxygen-rich LMC SNR N 132D and N 103B, which
has similar properties to Kepler's SNR, B0536-6913 or B0540-693, the SNR around the most
powerful X-ray pulsar, in the LMC. For B0536-6913 and B0540-693 the RED is estimated to be
9.2eVem~3 and 6.4eVem™3 (this work), respectively, indicating that they may be interesting
candidates for observations with the next generation of IACTs. In Addition, the two older SNRs
DEML249 and DEM L238 with ages of 15000 yr and 13500 yr, respectively, may be interesting
candidates for future observations as their environments are measured to be denser compared
to the environments of other SNRs in the LMC [377]. In the case of the Magellanic Cloud PWNe
either the spin-down power seems to be too low to produce VHE y-ray emission at a level that is
detectable with the current generation of IACTs or the RED is too low for efficient radiative en-
ergy losses, what makes the PWN N 157B exceptional in the LMC. Finally, the isolated pulsars
are apparently too old to produce VHE y-ray emission at a detectable level for H.E.S.S.

As shown in Figure 7.1 the luminosity level that can be constrained decreases with increasing
exposure of the sources. For ~80% of the LMC sources with a H.E.S.S. exposure of 2 70h
the luminosity level of all known VHE y-ray sources in the LMC can be constrained. Thus, a ho-
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mogeneous exposure of = 70 h over the entire LMC and SMC would be required to detect (all)
sources in the Magellanic Clouds with luminosities of L > 10*> ergs~!. For the SMC another
~ 100 h of H.E.S.S. observations would need to be taken, which is realisable given the observa-
tion window for the SMC of ~ 100 h per year and an anticipated end of H.E.S.S. in three years.
However, the dependence of the luminosity on the exposure seems to be less distinct than for
the LMC and hence it is uncertain whether the sensitivity of H.E.S.S. is sufficient to significantly
decrease the luminosity level that can be constrained by the SMC data set. In the case of the
LMC another 400 — 500 h of H.E.S.S. observations would be required, which is not realisable
considering the anticipated end of H.E.S.S. A realistic possibility could be to observe selected,
promising sources in the Magellanic Clouds that have a low exposure in the currently available
data sets. Candidate sources may be the SMC PWN IKT 16 (25 h), the SNR B0102-7219 (35 h)
or the HMXB SMC X-1 (HMXB 1, 50 h) or the LMC HMXBs LMC X-4 (2A0532-664, 60 h) or RX
J0532.5-6551, 60 h), which are young and have an O-type or B-type companion, and the LMC
SNR N 103B (30h).

Also indicated in Figure 7.1 is the integrated luminosity above 1 TeV which can be constrained
by the next generation of IACT arrays, the Cherenkov Telescope Array (CTA), after an exposure
of 340 h towards the LMC [376]. An improvement of at least one order of magnitude in integrated
luminosity over the H.E.S.S. survey of the Magellanic Clouds will be achieved and hence sources
with comparable luminosities to the Milky Way sources like HESS J1640-465, the Crab nebula
or RXJ1713-3946 will be detected if they exist in the Magellanic Clouds. Deep observations of
the LMC are part of the key science projects for CTA [376]. For the SMC on the other hand, no
observations with the CTA array are planned so far. To guarantee a mostly unbiased follow-up
study of the source populations in the Magellanic Clouds and the Milky Way, an analogous CTA
survey of the SMC has to be conducted. Due to an anticipated field-of-view radius of ~ 4.5°
and ~ 4.8° for the small-size and mid-size CTA telescopes, respectively, and an extension of the
SMC of < 5°, two observation positions towards the SMC with an exposure of 250 h each would
be sufficient for a homogeneous acceptance corrected lifetime comparable to the LMC, though
the luminosity level that can be detected will be slightly increased due to the larger distance to
the SMC compared to the LMC. The expected number of sources that are expected to be de-
tected can be inferred from the number of detected VHE y-ray sources in the Milky Way and the
current star formation rate in the Milky Way and SMC. So far, about 30 VHE 7y-ray sources in a
volume of roughly 30% of the Milky Way are known. The SMC exhibits a star formation-rate that
is roughly 10% of the Milky Way star formation-rate leading to an estimated number of expected
sources of 10. This number is most likely a very optimistic estimation given the rather old source
population and the low-density environment compared to the Milky Way. The CTA survey of both
Magellanic Clouds would thus deliver the great opportunity for an advanced study of the source
populations in the Magellanic Clouds through detections of further VHE 7y-ray sources or more
constraining luminosity upper limits.
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Tables for VHE y-Ray Source Candidates

This appendix includes all tables for the H.E.S.S. source candidate catalogues of potential VHE
Y-ray sources in the Magellanic Clouds that are described in Chapter 5 and for which the analysis
results for VHE y-ray emission are discussed in Chapter 6.

A1 LMC

This section lists the following tables:

Table A.1: Integral flux upper limits for the LMC SNRs in the energy range 1 — 100 TeV.
Table A.2: Integral flux upper limits for the LMC PWNe in the energy range 1 — 100 TeV.
Table A.3: Integral flux upper limits for the LMC HMXBs in the energy range 1 — 100 TeV.
Table A.4: Integral flux upper limits for the LMC pulsars in the energy range 1 — 100 TeV.

The tables include the name, the coordinates, other physical properties of the sources that are
needed for the discussion of the source populations, the acceptance corrected lifetime and the
analysis results: the significance, integral flux upper limits and further upper limits that are de-
rived (for more information see Section 5.2.4).
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Table A.1: Integral flux upper limits for the LMC SNRs in the energy range 1 — 100 TeV.

Type | Source Name® | Reference RA“ Dec* | diameter® | age® | SN type® | livetime o ULg ULgr UL ULw | ULeg
10° 1071 10710 109 | 107
] ] [] [yr] [h] [m2s'] | [ergm >s7"] | [ergs™'] | erg] | [%]
SNR | [HP99]460 M16 72.092 | -66.998 220 - - 24 | 0.23 57.78 298.03 8.81 | 35.24 352
SNR | J0449-6920 M16 72.333 | -69.339 162 - - 2.3 | -0.72 30.40 156.80 4.63 | 18.54 185
SNR | B0450-709 M16 72.612 | -70.838 340 - - 0.4 | 0.00 89.26 460.38 13.61 | 54.44 544
SNR | N4 M16 73.308 | -66.920 256 - - 7.0 | -1.33 15.36 79.24 2.34 9.37 94
SNR | B0453-685 M16 73.408 | -68.491 120 | ~13.5 CC 11.7 | 0.06 20.81 107.32 3.17 | 12.69 127
SNR | N9 M16 73.638 | -67.220 216 - - 7.5 | -0.33 21.68 111.83 3.31 | 13.22 132
SNR | N11L M16 73.704 | -66.426 106 - - 1.6 | 1.50 118.80 612.73 18.11 | 72.45 725
SNR | N86 M16 73.904 | -68.646 366 - - 12.0 | 2.01 41.93 216.27 6.39 | 25.57 256
SNR | N186D M16 74.979 | -70.131 114 - - 6.1 | -0.02 27.29 140.73 4,16 | 16.64 166
SNR | DEML71 M16 76.425 | -67.877 76 4.7 la 15.5 | -0.32 13.66 70.43 2.08 8.33 83
SNR | N23 M16 76.479 | -68.030 96 4.6 CC 159 | 0.10 14.50 74.78 2.21 8.84 88
SNR | DEML72 M16 76.521 | -65.686 410 - - 1.9 | -1.46 27.69 142.84 4,22 | 16.89 169
SNR | [HP99] 1139 M16 76.708 | -70.431 262 19.0 la 49 | -0.19 26.62 137.29 4.06 | 16.23 162
SNR | [HP99] 791 M16 77.154 | -69.048 304 225 la 42.4 | 0.59 12.68 65.41 1.93 7.73 77
SNR | J0508-6830 M16 77.208 | -68.514 138 | 220.0 la 33.7 | 0.67 13.90 71.70 212 8.48 85
SNR | N103B M16 77.246 | -68.726 30 0.9 la 432 | 0.64 12.64 65.20 1.93 7.71 77
SNR | B0509-67.5 M16 77.379 | -67.521 32 0.4 la 15.9 | 0.53 16.21 83.61 2.47 9.89 99
SNR | J0511-6759 M16 77.796 | -67.986 112 | 220.0 la 35.6 | -0.13 9.55 49.28 1.46 5.83 58
SNR | [HP99]483 M16 78.112 | -67.122 120 - - 17.9 | -0.81 9.94 51.27 1.52 6.06 61
SNR | DEML109 M16 78.308 | -69.206 240 - - 82.8 | -1.11 3.43 17.71 0.52 2.09 21
SNR | J0514-6840 M16 78.567 | -68.673 220 - - 844 | -0.37 4.68 24.14 0.71 2.85 29
SNR | J0517-6759 M16 79.283 | -67.991 324 - - 57.8 | -0.01 6.80 35.07 1.04 4.15 41



Table A.1: (continued)

Type | Source Name® | Reference RA“ Dec? | diameter? | age® | SNtype“ | livetime o ULp ULgF ULp ULw ULt
10° 10710 10710 10 | 10%
[°] [°] ['] [yr] [h] [m2s '] | [ergm *s7'] | [ergs™'] | erq] [%]
SNR | N120 M16 79.671 | -69.653 148 - - 105.8 | 0.96 8.07 41.64 1.23 4,92 49
SNR | B0519-690 M16 79.896 | -69.036 34 0.6 la 130.0 | 1.19 7.52 38.79 1.15 | 4.59 46
SNR | B0520-694 M16 79.933 | -69.436 190 - - 135.0 | -0.13 4.30 22.17 0.66 | 2.62 26
SNR | DEM 142 M16 80.412 | -65.719 168 - - 1.6 | -0.41 40.55 209.15 6.18 | 24.73 247
SNR | N44 M16 80.779 | -67.887 255 - - 85.3 | 1.04 9.57 49.36 1.46 | 5.84 58
SNR | DEML175a M16 81.083 | -66.406 240 - - 15.1 | -0.53 12.40 63.96 1.89 | 7.56 76
SNR | N132D M16 81.267 | -69.640 126 3.1 CC 169.1 3.15 12.02 62.02 1.83 7.33 73
SNR | N49B M16 81.354 | -65.989 170 10.0 CC 9.8 | -1.62 11.31 58.32 1.72 6.90 69
SNR | N49 M16 81.500 | -66.082 84 4.8 CC 10.1 | -1.17 11.67 60.22 1.78 712 71
SNR | B0528-692 M16 81.912 | -69.201 198 - - 187.2 | -0.51 3.12 16.09 0.48 1.90 19
SNR | DEML204 M16 81.975 | -65.827 282 - - 9.8 | 0.59 35.23 181.72 5.37 | 21.49 215
SNR | B0528-6716 M16 81.983 | -67.228 270 - - 63.3 | 1.77 14.27 73.60 2.18 8.70 87
SNR | [HP99] 1234 M16 81.987 | -71.075 369 25.0 la 624 | 0.75 9.15 4719 1.40 5.58 56
SNR | DEML205 M16 82.021 | -67.456 324 - - 77.0 | 1.49 11.53 59.49 1.76 7.03 70
SNR | DEML214 M16 82.463 | -66.891 145 - - 23.8 | 1.56 24.40 125.85 3.72 | 14.88 149
SNR | DEML218 M16 82.667 | -70.125 325 - - 166.9 | -2.25 1.57 8.11 0.24 | 0.96 10
SNR | N206 M16 82.983 | -71.005 180 25.0 CcC 83.4 | 0.33 6.34 32.72 0.97 | 3.87 39
SNR | B0532-675 M16 83.125 | -67.526 285 - - 80.5 | 1.19 10.40 53.62 1.59 | 6.34 63
SNR | J0533-7202 M16 83.442 | -72.050 205 - - 3.2 | -0.51 27.04 139.47 4,12 | 16.49 165
SNR | B0534-699 M16 83.508 | -69.918 135 10.0 la 179.0 | -2.32 1.47 7.59 0.22 | 0.90 9
SNR | DEML238 M16 83.575 | -70.557 186 13.5 la 137.3 | 0.72 6.08 31.36 0.93 | 3.71 37
SNR | SN 1987A M16 83.867 | -69.270 2 0.0 CC 193.8 | 3.73 12.40 63.96 1.89 | 7.56 76



Table A.1: (continued)

Type | Source Name® | Reference RA“ Dec? | diameter? | age® | SNtype“ | livetime o ULp ULgF ULp ULw ULt
10° 10710 10710 10 | 10%
[°] [°] ['] [yr] [h] [m2s '] | [ergm *s7'] | [ergs™'] | erq] [%]
SNR | N63A M16 83.933 | -66.037 84 ~3.5 CC 10.9 | 0.44 23.42 120.80 3.57 | 14.28 143
SNR | Honeycomb M16 83.942 | -69.301 105 - - 193.6 | 3.06 10.45 53.88 1.59 | 6.37 64
SNR | DEML241 M16 84.013 | -67.577 310 | =10.0 CC 78.8 | 1.90 13.92 71.81 212 8.49 85
SNR | DEML249 M16 84.029 | -70.644 200 15.0 la 130.6 | 1.27 6.96 35.88 1.06 4.24 42
SNR | B0536-6914 M16 84.071 | -69.224 66 ~3.5 CC 192.8 | 7.97 23.99 123.71 3.66 | 14.63 146
SNR | DEML256 M16 84.362 | -66.464 227 - - 14.9 | -0.91 8.98 46.29 1.37 5.47 55
SNR | N159 M16 84.996 | -69.734 92 - - 176.2 | 0.89 5.89 30.39 0.90 | 3.59 36
SNR | B0540-693 M16 85.046 | -69.332 72 1.6 CC 186.7 | 1.71 7.76 40.05 1.18 4.74 47
SNR | [HP99]456 M16 85.463 | -66.984 300 - - 32.1 1.49 19.58 101.00 2.99 | 11.94 119
SNR | DEML299 M16 85.783 | -68.972 330 - - 172.7 | 0.08 4.60 23.71 0.70 2.80 28
SNR | DEML316B M16 86.746 | -69.714 190 - - 143.3 | -1.09 2.40 12.39 0.37 1.47 15
SNR | DEML316A M16 86.842 | -69.691 190 27.0 la 141.0 | -0.57 3.48 17.96 0.53 212 21
SNR | B0548-704 M16 86.954 | -70.415 118 71 la 91.8 | 0.93 8.53 44.00 1.30 5.20 52
SNR | J0550-6823 M16 87.625 | -68.378 312 - - 739 | -1.12 3.47 17.88 0.53 | 2.11 21

¢ Source name, coordinates, diameter, age and SN type of the SNR are taken from M16: Maggi et al. 2016 [97].

Livetime, significance ¢ and integral flux upper limits UL are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy flux

ULgE, luminosity ULy, power ULw and efficiency UL are estimated as described in the text (Section 5.2.4). An explosion energy of 10°! erg and a number density of

the ISM of 1cm™> are assumed in the estimation of the luminosity upper limit.



Table A.2: Integrated upper limits for the LMC PWNe in the energy range 1 — 100 TeV.

Type | Source Name® Reference RA“ Dec* | age“ p4 P4 E¢ livetime | o© UL ULgr ULp ULt
10° 1071 | 10% 1071 10710 10%
[°] [°] [yr] [s] |[ss™']|lergs '] | [N] m2s '] | [ergm2s7'] | [ergs™'] | [%]
PWN | N157B* HESS15, ATNF | 84.450 | -69.170 | 4.93 | 0.016 | 51.8 4880 | 190.18 | 29.13 57.29 127.32 6.10 | 0.13
PWN | N158A S04, ATNF | 85.050 | -69.330 | 1.67 | 0.051 | 479.0 1460 | 186.63 | 1.71 7.76 40.05 1.18 | 0.08
PWN | B0453-685 GO3 73.408 | -68.491 | 13.50 | 100.000 | 250.0 100 | 11.73 | 0.06 20.81 107.32 3.17 | 3.17
PWN | N206 W05 82.983 | -71.005 | 25.00 |  0.000 0.0 -| 8337 | 033 6.34 32.72 0.97

% Source name, coordinates, age, period, period derivative and spin-down power are taken from the respective reference: HESS15: Hess Collaboration 2015 [23], ATNF:

online version of the ATNF pulsar catalogue [282], S04: Serafimovich et al. 2004 [279], G03: Gaensler et al. 2003 [281], W05: Williams et al. 2005 [280].

Livetime, significance o and flux upper limits ULg are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy flux ULgp,

luminosity ULy, and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).

* The flux measurements are obtained in a dedicated analysis of N 157B. For more details see Section 6.6.3.



Table A.3: Integrated upper limits for the LMC HMXBs in the energy range 1 — 100 TeV.

Type | Source name® Reference RA? Dec? pa Pobit® | livetime o ULg ULgr ULy, ULetf acc
10710 10710 10%
[°] [°] [s] [d] [h] [m2s7'] | lergm2s7'] | [ergs™'] | [%]
HMXB | XMMUJ054134.7-682550 | A16, J18 | 85.395 | -68.431 60.77 31.500 | 157.71 0.04 4.22 21.79 0.64 54
HMXB | 2A0532-664 AZ16 83.207 | -66.371 13.50 1.408 13.20 | -1.50 7.60 39.22 1.16 9.7
HMXB | RXJ0541.5-6833 AZ16 85.405 | -68.542 - 163.79 | -0.77 3.07 15.85 0.47 3.9
HMXB | RXJ0546.8-6851 AZ16 86.701 | -68.863 - 148.62 0.28 4.58 23.63 0.70 5.8
HMXB | RXJ0507.6-6847 A16, J18 | 76.908 | -68.797 - 5.270 29.78 | -0.23 8.69 44.83 1.33 11.0
HMXB | RXJ0532.3-7107 AZ16 83.095 | -71.126 - 66.16 | -1.05 3.95 20.36 0.60 5.0
HMXB | RXJ0541.4-6936 AZ16 85.343 | -69.608 - 175.13 0.74 5.89 30.38 0.90 7.5
HMXB | RXJ0524.2-6620 AZ16 81.053 | -66.347 - 14.89 | -0.34 14.29 73.73 2.18 18.2
HMXB | 3A0540-697 AZ16 84.912 | -69.743 - 4,229 | 177.09 0.71 5.44 28.05 0.83 6.9
HMXB | RXJ0529.4-6952 AZ16 82.358 | -69.870 - 176.93 | -0.61 3.10 16.00 0.47 3.9
HMXB | RXJ0535.0-6700 AZ16 83.775 | -67.004 - | 241.000 34.10 0.98 16.59 85.58 2.53 21.1
HMXB | H0544-665 AZ16 86.065 | -66.564 - 13.63 0.87 26.92 138.85 4.10 34.2
HMXB | XMMUJ053115.4-705350 AZ16 82.814 | -70.897 - 100.12 1.07 8.69 44.81 1.32 11.0
HMXB | RXJ0523.2-7004 AZ16 80.812 | -70.070 - 142.85 | -0.89 2.66 13.70 0.41 3.4
HMXB | RXJ0516.0-6916 AZ16 79.000 | -69.269 - 97.54 1.44 10.41 53.71 1.59 13.2
HMXB | RXJ0520.5-6932 AZ16 80.124 | -69.532 8.03 24.430 | 147.05 | -0.55 3.33 17.17 0.51 4.2
HMXB | 1SAXJ0544.1-7100 AZ16 86.026 | -71.014 96.08 | 286.000 64.09 | -0.38 5.87 30.29 0.90 7.5
HMXB | 1A0535-668 AZ16 83.922 | -66.864 0.07 16.668 31.94 | -0.21 11.18 57.65 1.70 14.2
HMXB | RXJ0532.5-6551 AZ16 83.133 | -65.861 - 10.19 | -0.55 18.24 94.09 2.78 23.2
HMXB | RXJ0502.9-6626 AZ16 75.715 | -66.440 4.06 6.86 | -0.97 14.51 74.85 2.21 18.4
HMXB | XMMUJ053011.2-655122 | A16, J18 | 82.544 | -65.858 271.97 74.000 9.99 | -0.05 23.33 120.33 3.56 29.6
HMXB | RXJ0456.9-6824 AZ16 74.225 | -68.410 - 12.67 0.89 26.06 134.41 3.97 33.1



Table A.3: - continued

Type | Name Reference RA Dec P P orbit livetime o ULg ULEE UL ULeft,acc
10710 10710 10%
[°] [°] [s] (d] [h] [m2s'] | [ergm>s7'] | [ergs™'] [%]

HMXB | RXJ0527.3-6552 AZ16 81.849 | -65.876 - - 9.92 | 0.11 26.75 137.97 4.08 34.0
HMXB | RXJ0512.6-6717 AZ16 78.174 | -67.290 - - 1894 | 0.11 15.75 81.25 2.40 20.0
HMXB | RXJ0531.2-6607 AZ16 82.808 | -66.118 13.70 | 25.400 10.96 | 0.62 27.67 142.72 4.22 35.2
HMXB | RXJ0529.8-6556 AZ16 82.448 | -65.944 69.23 - 10.35 | -0.61 15.40 79.42 2.35 19.6
HMXB | RXJ0501.6-7034 AZ16 75.350 | -70.559 - - 1.83 | -0.08 65.48 337.72 9.98 83.2
HMXB | RXJ0530.7-6606 AZ16 82.698 | -66.104 - - 10.91 1.48 40.01 206.37 6.10 50.8
HMXB | RXJ0457.2-6612 AZ16 74.302 | -66.203 - - 1.70 | 0.00 24.93 128.58 3.80 31.7
HMXB | RXJ0531.5-6518 AZ16 82.900 | -65.304 - - 1.07 | 0.58 95.90 494.66 14.62 121.9
HMXB | 1H0538-641 AZ16 84.736 | -64.084 - 1.705 0.00 | 0.00 0.00 0.00 0.00 0.0
HMXB | J045106.8-694803 AZ16 72.778 | -69.801 187.07 | 21.631 1.86 | -1.21 24.55 126.60 3.74 31.2
HMXB | J045558.9-702001 AZ16 73.995 | -70.334 - - 1.88 | -0.30 34.17 176.22 5.21 43.4
HMXB | J05007-7047 AZ16 75.192 | -70.743 38.55 | 30.770 0.67 1.53 153.88 793.70 23.46 195.5
HMXB | LXP169 AZ16 76.981 | -68.418 168.78 | 24.329 29.73 | 2.34 24.30 125.31 3.70 30.9
HMXB | J0513.4-6547 AZ16 78.367 | -65.789 27.28 | 27.405 589 | 0.79 47.34 24418 7.22 60.2
HMXB | J052016.0-692505 AZ16 80.067 | -69.418 - - | 148.28 | -0.97 2.42 12.50 0.37 3.1
HMXB | J053041.9-665426 AZ16 82.676 | -66.909 28.78 - 34.49 | 0.88 16.75 86.38 2.55 21.3
HMXB | J053118.2-660730 AZ16 82.826 | -66.125 - - 11.00 | 0.62 27.67 142.72 4.22 35.2
HMXB | J053321.3-684121 AZ16 83.339 | -68.689 - - | 187.94 | -0.72 2.69 13.85 0.41 3.4
HMXB | J05414-6858 AZ16 85.361 | -69.023 4.42 19.900 | 181.84 | -1.36 2.21 11.39 0.34 2.8
HMXB | J053833.9-691157 AZ16 84.639 | -69.200 - - | 189.18 | 14.40 42.99 221.73 6.55 54.6
HMXB | J0549.7-6812 AZ16 87.527 | -68.249 6.20 - 65.47 | -1.65 3.36 17.31 0.51 4.3
HMXB | 1 J18 73.943 | -69.955 - | 76.000 6.11 0.38 31.29 161.38 4.77 39.8



Table A.3: - continued

Type | Name Reference RA Dec P P orbit livetime o ULg ULEE UL ULeft,acc
10710 10710 10%
[°] [°] [s] (d] [h] [m2s'] | [ergm>s7'] | [ergs™'] [%]
HMXB | 7 J18 80.205 | -69.325 - | 440.000 | 153.62 | -0.85 2.93 15.09 0.45 3.7
HMXB | 8 J18 81.071 | -69.426 - | 32.700 | 168.64 | -0.86 2.79 14.41 0.43 3.5
HMXB | 9 J18 81.444 | -69.748 - - | 165.93 1.34 7.41 38.23 1.13 9.4
HMXB | 10 J18 82.243 | -67.163 - | 193.000 60.30 | 2.41 20.80 107.28 3.17 26.4
HMXB | 11 J18 82.545 | -69.799 - -| 181.28 | -2.26 1.36 7.01 0.21 1.7
HMXB | 13 J18 82.689 | -70.677 - | 280.000 | 112.85 | -1.11 2.69 13.85 0.41 3.4
HMXB | 14 J18 82.747 | -68.548 - - | 181.12 | -0.27 3.65 18.83 0.56 4.6
HMXB | 15 J18, V18 | 82.785 | -69.156 | 2013.50 - | 198.11 0.79 5.97 30.81 0.91 7.6
HMXB | 17 J18 83.368 | -67.813 - | 560.000 | 118.53 1.02 8.21 42.36 1.25 10.4
HMXB | 18 J18 81.461 | -69.458 - -1 176.20 | -1.14 2.32 11.99 0.35 3.0
HMXB | 19 J18 85.189 | -69.248 - - | 184.33 | -0.36 3.11 16.05 0.47 4.0
HMXB | LMCP3 C16 84.000 | -67.585 - 10.301 79.35 1.90 13.92 71.81 212 17.7

¢ Source name, coordinates, spin and orbital periods are taken from the respective references: AZ16: Antoniou and Zezas 2016 [98], J18: Jaarsveld et al.
2018 [99], V18: Vasilopoulos 2018 [287] and C16: Corbet et al. 2016 [276].

Livetime, significance o and flux upper limits UL are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy
flux ULgr, luminosity ULy, and efficiency UL are estimated as described in the text (Section 5.2.4).



Table A.4: Integrated upper limits for the LMC pulsars in the energy range 1 — 100 TeV.

Type | Source Name“ | Reference | RA“ Dec? P4 P E“ livetime | o© ULk ULEF ULy, ULcsr
1075 | 10% 1071 10710 10%
[°] [°] [s] |[ss7']|lergs™']| [h] m2s '] | [ergm 2s!] | [ergs™'] |  [%]

PSR | J0540-6919 ATNF | 85.047 | -69.332 | 0.051 | 479.0 | 1460.0 | 186.68 | 1.71 7.76 40.05 1.18 0.08
PSR | J0535-6935 ATNF | 83.750 | -69.583 | 0.201 | 115 0.563 | 192.51 | -0.33 2.90 14.97 0.44 79
PSR | J0455-6951 ATNF | 73.948 | -69.859 | 0.320 | 10.2 0.123 6.20 | -0.17 25.06 129.25 3.82 3106
PSR | J0456-7031 ATNF | 74.010 | -70.519 | 0.800 | 36.7 0.028 1.79 | 0.00 31.22 161.05 4.76 16822
PSR | J0534-6703 ATNF | 83.650 | -67.064 | 1.818 | 425.0 0.028 | 35.16 | -0.43 6.69 34.49 1.02 3654
PSR | J0502-6617 ATNF | 75.710 | -66.300 | 0.691 | 23.1 0.028 6.47 | -0.96 14.02 72.31 2.14 7745
PSR | J0522-6847 ATNF | 80.596 | -68.784 | 0.675 | 17.7 0.023 | 153.64 | 0.01 4.47 23.06 0.68 2989
PSR | J0519-6932 ATNF | 79.945 | -69.540 | 0.263 0.7 0.015 | 129.97 | -0.82 3.12 16.09 0.48 3149
PSR | J0449-7031 ATNF | 72.273 | -70.525 | 0.479 3.4 0.012 152 | 0.00 27.28 140.69 416 | 34371
PSR | J0532-6639 ATNF | 83.248 | -66.660 | 0.643 5.3 0.008 | 16.46 | 0.03 15.97 82.37 243 | 30590
PSR | J0529-6652 ATNF | 82.462 | -66.877 | 0.976 | 15.5 0.007 | 20.47 | 1.60 30.95 159.63 472 | 71604
PSR | J0543-6851 ATNF | 85.970 | -68.857 | 0.709 3.9 0.004 | 165.08 | -1.81 1.79 9.25 0.27 6257
PSR | J0555-7056 ATNF | 88.757 | -70.946 | 0.828 6.0 0.004 | 23.43 | -1.56 6.82 35.20 1.04 | 25074
PSR | J0451-67 ATNF | 72.958 | -67.300 | 0.245 - 7.11 | 0.37 29.79 153.63 4.54 -
PSR | J0456-69 ATNF | 74.125 | -69.167 | 0.117 - 7.54 | -0.35 19.31 99.58 2.94 -
PSR | J0457-69 ATNF | 74.258 | -69.767 | 0.231 - 6.40 | 1.84 54.62 281.73 8.33 -
PSR | J0458-67 ATNF | 74.746 | -67.717 | 1.134 -| 1353 1.18 21.70 111.94 3.31 -
PSR | J0521-68 ATNF | 80.433 | -68.583 | 0.433 - | 129.99 | 1.22 8.44 43.51 1.29 -
PSR | J0532-69 ATNF | 83.017 | -69.767 | 0.575 - | 185.90 | -2.48 1.24 6.37 0.19 -
PSR | J0535-66 ATNF | 83.917 | -66.867 | 0.211 -| 31.94 | -040 9.95 51.32 1.52 -
PSR | J0537-69 ATNF | 84.429 | -69.350 | 0.113 - | 191.66 | 0.51 4.65 23.96 0.71 -
PSR | J0542-68 ATNF | 85.646 | -68.267 | 0.425 - | 14588 | 0.46 5.76 29.72 0.88 -




Table A.4: (continued)

Type | Source Name | Reference RA Dec P P E livetime | o© ULE ULEr UL ULesr
1071 | 10% 10710 1071 10%
[°] [°] [s] |[ss™']|[ergs™] [h] [m2s '] | [ergm2s7'] | [ergs™'] [%]

¢ Coordinates, period, period derivative and spin-down power are taken from the online version of the ATNF catalogue [282].
Livetime, significance o and flux upper limits UL are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy
flux ULgg, luminosity ULy and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).



A2 SMC

This section lists the following tables:

Table A.5: Integral flux upper limits for the SMC SNRs in the energy range 1 — 100 TeV.
Table A.6: Integral flux upper limits for the SMC SNRs in the energy range 0.4 — 10 TeV.
Table A.7: Integral flux upper limits for the SMC PWNe in the energy range 1 — 100 TeV.
Table A.8: Integral flux upper limits for the SMC PWNe in the energy range 0.4 — 10 TeV.
Table A.9: Integral flux upper limits for the SMC HMXBs in the energy range 1 — 100 TeV.
Table A.10: Integral flux upper limits for the SMC HMXBs in the energy range 0.4 — 10 TeV.
Table A.11: Integral flux upper limits for the SMC pulsars in the energy range 1 — 100 TeV.
Table A.12: Integral flux upper limits for the SMC SNRs in the energy range 0.4 — 10 TeV.
Table A.13: Integral flux upper limits for the SMC SFRs in the energy range 1 — 100 TeV.
Table A.14: Integral flux upper limits for the SMC SFRs in the energy range 0.4 — 10 TeV.

The tables include the name, the coordinates, other physical properties of the sources that are
needed for the discussion of the source populations, the acceptance corrected lifetime and the
analysis results: the significance, integral flux upper limits and further upper limits that are de-
rived (for more information see Section 5.2.4 and Section 5.3.3).



Table A.5: Integral flux upper limits for the SMC SNRs in the energy range 1 — 100 TeV.

Type | Source Name® | Reference RA“ Dec* | diameter® | livetime o ULp ULgF ULp ULw | ULgg
1071 1071 10% | 10%
[°] ] [] [h] [m?s'] | [ergm >s7'] | [ergs™'] | [erg] | [%]
SNR | DEM-S5 BMD 2010 | 10.229 | -73.615 121 41 1 0.24 14.21 73.31 3.16 | 12.63 126
SNR | DEM-S32 BMD 2010 | 11.662 | -73.144 136 52.9 | -0.25 6.94 35.81 1.54 6.17 62
SNR | IKT2 BMD 2010 | 11.800 | -73.141 66 52.7 | -0.09 8.59 44.31 1.91 7.64 76
SNR | B0045-733 BMD 2010 | 11.871 | -73.100 180 54.3 | -1.33 4.96 25.57 1.10 4.41 44
SNR | HFPK419 BMD 2010 | 11.921 | -73.158 90 525 | -1.17 4.89 25.21 1.09 4.34 43
SNR | NS19 BMD 2010 | 12.025 | -73.145 79 53.8 | -0.56 5.68 29.29 1.26 5.05 50
SNR | IKT4 BMD 2010 | 12.104 | -73.323 84 50.4 | -0.68 6.10 31.44 1.35 542 54
SNR | IKT5 BMD 2010 | 12.279 | -73.235 116 52.7 | -0.14 8.25 42.53 1.83 7.33 73
SNR | IKT6 BMD 2010 | 12.779 | -73.357 144 452 | -0.91 6.28 32.41 1.40 5.59 56
SNR | B0050-728 BMD 2010 | 13.137 | -72.626 323 529 | 0.84 10.98 56.64 2.44 9.76 98
SNR | IKT16 BMD 2010 | 14.570 | -72.302 200 45.80 | -0.49 9.68 49.91 2.15 8.59 87
SNR | IKT18 BMD 2010 | 14.854 | -72.169 158 449 | -1.89 4.51 23.28 1.00 4.01 40
SNR | DEM-S108 BMD 2010 | 15.088 | -71.561 149 33.3 | 0.77 18.36 94.69 4.08 | 16.32 163
SNR | IKT21 BMD 2010 | 15.804 | -72.150 62 39.8 | 1.54 18.86 97.26 419 | 16.76 168
SNR | HFPK334 BMD 2010 | 15.875 | -72.789 86 40.7 | 0.20 13.91 71.73 3.09 | 12.36 124
SNR | B0102-7219 BMD 2010 | 16.008 | -72.030 44 383 | 1.19 18.94 97.67 421 | 16.83 168
SNR | IKT23 BMD 2010 | 16.267 | -72.382 170 39.2 | -0.11 12.58 64.91 2.80 | 11.19 112
SNR | DEM-S128 BMD 2010 | 16.346 | -72.157 124 38.4 | -1.39 4.56 23.52 1.01 4.05 41
SNR | IKT25 BMD 2010 | 16.558 | -72.088 110 374 | 1.08 17.83 91.97 3.96 | 15.85 159

% Source name, coordinates and diameter of the SNR are taken from BMD 2010 [104].

Livetime, significance ¢ and flux upper limits ULg are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the

energy flux ULgp, luminosity ULy, power ULy and efficiency UL are estimated as described in the text (Sections 5.2.4 and 5.3.3). An explosion

energy of 103! erg, a number density of the ISM of 1cm~> and a cooling time of 4 x 10'> s are assumed in the estimation of the luminosity upper

limit.



Table A.6: Integral flux upper limits for the SMC SNRs in the energy range 0.4 — 10 TeV.

Type | Source Name® | Reference RA“ Dec* | diameter® | livetime o ULp ULgF ULp ULw | ULegr
1071 1071 10% 10%
[°] ] [] [h] [m2s'] | [ergm >s7'] | [ergs™']| [erg] | [%]
SNR | DEM-S5 BMD 2010 | 10.229 | -73.615 121 12.7 | 1.48 345.85 602.94 25.98 | 103.91 | 1039
SNR | DEM-S32 BMD 2010 | 11.662 | -73.144 136 25.7 | -1.69 43.90 76.53 3.30 13.19 132
SNR | IKT2 BMD 2010 | 11.800 | -73.141 66 26.3 | -1.07 46.82 81.63 3.52 14.07 141
SNR | B0045-733 BMD 2010 | 11.871 | -73.100 180 29.1 | -1.04 51.84 90.38 3.89 15.57 156
SNR | HFPK419 BMD 2010 | 11.921 | -73.158 90 26.7 | -0.09 125.36 218.56 9.42 37.66 377
SNR | NS19 BMD 2010 | 12.025 | -73.145 79 27.1 | -0.42 76.02 132.54 5.71 22.84 228
SNR | IKT4 BMD 2010 | 12.104 | -73.323 84 245 | 1.33 200.73 349.95 15.08 60.31 603
SNR | IKT5 BMD 2010 | 12.279 | -73.235 116 26.4 | 0.90 166.04 289.47 12.47 49.88 499
SNR | IKT6 BMD 2010 | 12.779 | -73.357 144 26.4 | -0.93 53.67 93.57 4.03 16.12 161
SNR | B0050-728 BMD 2010 | 13.137 | -72.626 323 344 | 1.69 210.10 366.28 15.78 63.12 631
SNR | IKT16 BMD 2010 | 14.570 | -72.302 200 35.86 | 0.64 183.49 319.89 13.78 55.11 551
SNR | IKT18 BMD 2010 | 14.854 | -72.169 158 315 | -1.84 46.68 81.38 3.51 14.02 140
SNR | DEM-S108 BMD 2010 | 15.088 | -71.561 149 17.7 | 1.94 442.73 771.84 33.25 | 133.01 | 1330
SNR | IKT21 BMD 2010 | 15.804 | -72.150 62 25.3 | -1.09 89.67 156.33 6.74 26.94 269
SNR | HFPK334 BMD 2010 | 15.875 | -72.789 86 37.7 | 1.56 198.48 346.03 14.91 59.63 596
SNR | B0102-7219 BMD 2010 | 16.008 | -72.030 44 234 | 1.38 287.22 500.74 21.57 86.29 863
SNR | IKT23 BMD 2010 | 16.267 | -72.382 170 29.6 | 0.08 84.96 148.11 6.38 25.52 255
SNR | DEM-S128 BMD 2010 | 16.346 | -72.157 124 23.4 | -0.05 164.41 286.62 12.35 49.39 494
SNR | IKT25 BMD 2010 | 16.558 | -72.088 110 21.6 | 0.80 261.57 456.02 19.65 78.59 786

% Source name, coordinates and diameter of the SNR are taken from BMD 2010 [104].

Livetime, significance o and flux upper limits ULg are extracted from the respective sky maps in the energy range of 0.4 — 10 TeV. Upper limits on the

energy flux ULgp, luminosity ULy, power ULy and efficiency UL are estimated as described in the text (Sections 5.2.4 and 5.3.3). An explosion

energy of 103! erg, a number density of the ISM of 1cm~ and a cooling time of 4 x 10'> s are assumed in the estimation of the luminosity upper

limit.



Table A.7: Integral flux upper limits for the SMC PWNe in the energy range 1 — 100 TeV.

Type | Source Name® Reference RA¢ Dec? diameter® | P¢ P E“ livetime | o© ULp ULgr UL ULef
(X)/ (R) 1071 | 10% 10710 10710 10
[°] [°] [] [s] [[ss™']|[ergs™'1| [h] m2s '] | m?s '] | [ergs™'] | [%]
PWN | IKT16 Maitra 2015 | 14.570 | -72.302 | 5.2/70+10 | 0.1 100 100 | 45.80 | -0.49 9.68 49.91 2.15 2
PWN | DEM-S5 Alsaberi 2019 | 10.229 | -73.615 120 | - - - 4111 024 14.21 73.31 3.16 -

¢ Coordinates, diameter, period, period derivative and spin-down power for IKT16 and DEM-S5 are taken from Maitra et al. [288] and Alsaberi et al. [289], respectively.

The diameter of IKT16 is given for X-ray (X) and radio (R) measurements.

Livetime, significance ¢ and flux upper limits ULg are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy flux ULgp,

luminosity ULy, and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).

Table A.8: Integral flux upper limits for the SMC PWNe in the energy range 0.4 — 10 TeV.

Type | Source Name? Reference RA¢ Dec? diameter® | P¢ P E“ livetime | © ULf ULgp ULy ULesr
X)/ (R) 1071 10% 10~10 10~10 10%
[°] [°] ['] [s] | [ss'] | [ergs '] [h] m2s '] | [m2s '] | [ergs ] [%]
PWN | IKT16 Maitra 2015 14.570 | -72.302 | 5.2/704+10 | 0.1 100 100 35.86 | 0.64 183.49 319.89 13.78 14
PWN | DEM-S5 Alsaberi 2019 | 10.229 | -73.615 120 - - - 12.72 | 1.48 345.85 602.94 25.98 -

¢ Coordinates, diameter, period, period derivative and spin-down power for IKT16 and DEM-S5 are taken from Maitra et al. [288] and Alsaberi et al. [289], respectively.

The diameter of IKT16 is given for X-ray (X) and radio (R) measurements.

Livetime, significance o and flux upper limits ULg are extracted from the respective sky maps in the energy range of 0.4 — 10 TeV. Upper limits on the energy flux ULgg,

luminosity ULy, and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).



Table A.9: Integral flux upper limits for the SMC HMXBs in the energy range 1 — 100 TeV.

Type | Nr¢ Reference RA“ Dec? pa pb PS bit ecc.C | livetime (o} ULk ULgr ULy, ULeff acc
10710 1071 10710 10%
] ] [s] [ss7'] [d] [h] [m2s'] | [ergm >s7'] | [ergs™'] | [%]
HMXB | 1 HS16, Y17 19.272 | -73.443 0.717 3.892 - 20.21 | -0.38 10.59 54.62 2.35 20
HMXB | 2 HS16, Y17 19.750 | -73.207 2.165 83.760 - 19.17 | 0.81 18.84 97.17 419 35
HMXB | 3 HS16, Y17, CK15 | 13.629 | -73.682 2.370 -1.39 18.380 | 0.07 36.97 | 1.59 21.87 112.80 4.86 40
HMXB | 4 HS16, Y17 14.797 | -71.646 2.763 3.47 81.810 - 34.99 | 042 11.80 60.87 2.62 22
HMXB | 5 HS16, Y17 13.071 | -72.331 4.780 -0.23 - - 50.783 | 0.12 7.98 41.18 1.77 15
HMXB | 6 HS16, Y17, CK15 | 14.260 | -72.432 5.050 -0.69 17.200 | 0.16 45.69 | 2.26 26.77 138.09 5.95 50
HMXB | 7 HS16, Y17, CK15 | 15.723 | -72.743 6.850 -0.12 21.900 | 0.26 41.07 | -0.16 13.16 67.87 2.92 24
HMXB | 8 HS16, Y17 13.542 | -72.429 6.878 - - 52.84 | 1.80 20.51 105.79 4.56 38
HMXB | 9 HS16, Y17 13.024 | -72.434 7.780 0.69 44.920 - 50.97 | 0.77 11.73 60.50 2.61 22
HMXB | 10 HS16, Y17 14.493 | -72.375 7.920 21.99 40.030 - 45.88 | 1.40 16.32 84.19 3.63 30
HMXB | 11 HS16, Y17, CK15 | 12.972 | -72.530 8.900 0.35 28.510 | 0.41 5122 | 0.26 6.99 36.07 1.55 13
HMXB | 12 HS16, Y17 12.327 | -73.200 9.130 77.200 - 52.96 | -0.55 6.78 34.96 1.51 13
HMXB | 13 HS16, Y17, CK15 | 16.176 | -72.901 11.480 1.62 36.300 | 0.28 39.61 0.62 16.28 83.95 3.62 30
HMXB | 15 HS16, Y17 12.058 | -73.368 11.866 -1.39 - - 49.77 | -2.46 3.15 16.26 0.70 6
HMXB | 16 HS16, Y17 13.058 | -73.322 15.300 -0.23 74.320 - 41.56 | -2.60 2.80 14.42 0.62 5
HMXB | 17 HS16, Y17 12.686 | -73.268 16.600 0.23 33.720 - 49.44 | -0.19 8.52 43.95 1.89 16
HMXB | 18 HS16, Y17, CK15 | 12.298 | -72.827 18.370 0.35 17.730 | 0.43 55.99 | -0.14 7.40 38.15 1.64 14
HMXB | 19 HS16, Y17 19.418 | -73.514 22.070 83.700 - 18.42 | 0.46 23.18 119.53 5.15 43
HMXB | 20 HS16, Y17 12.059 | -73.168 51.000 22.530 - 53.62 | -0.81 4.53 23.35 1.01 8
HMXB | 21 HS16, Y17 17.786 | -73.279 31.030 90.530 - 33.11 1.17 19.82 102.25 4.41 37
HMXB | 22 HS16, Y17 13.480 | -72.446 46.630 -5.56 137.360 - 52.89 | 0.79 14.72 75.91 3.27 27
HMXB | 23 HS16, Y17 13.735 | -72.446 59.070 -5.09 62.100 - 52.64 | -0.17 9.47 48.83 2.10 18



Table A.9: - continued

Type | Nr¢ Reference RA“ Dec P4 PP P bit ecc.c | livetime (o) ULp ULEF ULL ULeft,acc
10710 1071 10710 10%
[°] [°] [s] [ss'] [d] [h] [m2s'] | [ergm>s™'] | [ergs™'] | [%]

HMXB | 24 HS16, Y17 16.802 | -72.593 65.780 11.57 | 111.040 - 38.15 | -0.09 10.67 55.05 2.37 20
HMXB | 25 | HS16, Y17, CK15 | 12.264 | -72.848 74.670 8.91 33.380 | 0.40 56.01 | 0.21 9.42 48.61 2.09 17
HMXB | 26 HS16, Y17 13.037 | -72.634 82.400 6.13 | 362.300 - 51.40 | 1.19 16.09 82.99 3.58 30
HMXB | 27 HS16, Y17 12.738 | -72.226 91.120 | -132.41 88.370 - 49.60 | 0.82 14.50 74.80 3.22 27
HMXB | 28 HS16, Y17 13.471 | -72.445 95.000 25.46 71.300 - 52.89 | 0.79 14.72 75.91 3.27 27
HMXB | 29 HS16, Y17 14.363 | -73.422 | 101.160 | -18.52 21.949 - 38.58 | -0.15 11.18 57.67 2.48 21
HMXB | 30 HS16, Y17 13.350 | -72.454 | 138.000 53.24 | 103.600 - 51.56 | 0.17 12.22 63.00 2.71 23
HMXB | 31 HS16, Y17 14.024 | -72.366 | 140.100 | -12.73 | 197.000 - 50.22 | 0.76 18.11 93.42 4.02 34
HMXB | 32 HS16, Y17 13.471 | -72.445 | 144.100 85.65 59.380 - 52.89 | 0.79 14.72 75.91 3.27 27
HMXB | 33 HS16, Y17 14.460 | -72.132 | 152.340 | -12.27 - - 44.67 | -0.83 6.41 33.05 1.42 12
HMXB | 34 HS16, Y17 16.930 | -71.998 | 153.990 - - 34.38 | 0.49 19.30 99.53 4.29 36
HMXB | 35 HS16, Y17 13.230 | -71.968 | 169.300 | -72.92 68.540 - 45.62 | -0.27 9.77 50.39 2.17 18
HMXB | 36 HS16, Y17 12.966 | -73.176 | 172.000 | -35.07 68.780 - 50.66 | 0.10 7.89 40.70 1.75 15
HMXB | 37 HS16, Y17 15.468 | -72.392 | 175.400 28.94 - - 4144 | 0.16 13.07 67.44 2.91 24
HMXB | 38 HS16, Y17 14.838 | -72.388 | 201.900 | -33.56 71.980 - 45.78 | -0.42 8.62 44.45 1.91 16
HMXB | 39 HS16, Y17 14.870 | -72.618 | 202.520 224.600 - 42.35 | -2.11 4.66 24.06 1.04

HMXB | 40 HS16, Y17 12.546 | -73.007 | 214.030 | -10.30 29.910 - 55.00 | -1.81 4.52 23.32 1.00

HMXB | 41 HS16, Y17 11.847 | -73.208 | 263.000 16.20 49.120 - 52.05 | -1.01 4.53 23.38 1.01

HMXB | 42 HS16, Y17 23.214 | -74.429 | 264.520 - - 288 | 0.14 29.96 154.53 6.66 55
HMXB | 43 HS16, Y17 14.456 | -72.043 | 280.400 | 115.74 64.800 - 43.71 | -0.81 6.00 30.97 1.33 11
HMXB | 44 HS16, Y17 14.553 | -72.513 | 291.330 -5.79 59.726 - 45.76 | 0.34 14.42 74.38 3.20 27
HMXB | 45 HS16, Y17 12.700 | -73.305 | 292.700 31.25 - - 49.04 | -0.62 7.07 36.49 1.57 13



Table A.9: - continued

Type | Nr¢ Reference RA“ Dec P4 PP P bit ecc.c | livetime (o) ULp ULEF ULL ULeft,acc
10710 1071 10710 10%
[°] [°] [s] [ss'] [d] [h] [m2s'] | [ergm>s™'] | [ergs™'] | [%]
HMXB | 46 HS16, Y17 15.262 | -72.116 | 304.500 33.56 | 344.000 - 40.69 | 0.45 13.67 70.50 3.04 25
HMXB | 47 HS16, Y17 12.686 | -73.268 | 323.200 | -174.77 | 116.600 - 49.44 | -0.19 8.52 43.95 1.89 16
HMXB | 48 HS16, Y17 13.217 | -72.287 | 325.400 | -34.72 45.930 - 50.73 | -0.27 5.86 30.21 1.30 11
HMXB | 49 HS16, Y17 13.516 | -72.442 | 341.900 | 171.30 - - 52.82 | 1.06 16.78 86.56 3.73 31
HMXB | 50 HS16, Y17 15.808 | -72.154 | 345.200 | -28.94 94.400 - 39.77 | 1.51 19.31 99.62 4.29 36
HMXB | 51 HS16, Y17 15.336 | -72.189 | 455.000 | -150.46 74.560 - 41.17 | -0.05 10.39 53.60 2.31 19
HMXB | 52 HS16, Y17 13.733 | -72.753 | 499.200 1.04 | 265.300 - 52.51 | 0.88 12.99 66.98 2.89 24
HMXB | 53 HS16, Y17 15.698 | -72.081 522.500 | -208.33 - - 39.41 | 0.31 12.49 64.43 2.78 23
HMXB | 54 HS16, Y17 14.401 | -72.326 | 565.000 26.62 | 151.800 - 45.78 | -0.61 7.09 36.57 1.58 13
HMXB | 55 HS16, Y17 13.898 | -72.485 | 644.600 17.36 - - 50.01 | 0.09 9.39 48.46 2.09 17
HMXB | 56 HS16, Y17 13.826 | -72.648 | 701.600 | 347.22 | 412.000 - 52.72 | 0.27 11.34 58.50 2.52 21
HMXB | 57 HS16, Y17 16.481 | -72.064 | 726.000 23.15 - - 37.35 | 0.94 14.91 76.92 3.31 28
HMXB | 58 HS16, Y17 12.425 | -73.388 | 755.500 | -474.54 | 389.900 - 44.76 | 0.61 13.04 67.26 2.90 24
HMXB | 59 HS16, Y17 12.374 | -73.183 | 894.000 | -78.70 91.500 - 53.21 | -0.70 6.42 33.12 1.43 12
HMXB | 60 HS16, Y17 15.528 | -71.688 | 967.000 | -72.92 | 101.400 - 33.63 | -0.28 10.17 52.48 2.26 19
HMXB | 61 HS16, Y17 21.942 | -73.549 | 1062.000 | 821.76 - - 7.46 | -0.10 25.68 132.44 5.71 48
HMXB | 62 HS16, Y17 15.906 | -72.026 | 1323.000 | -752.31 - - 38.60 | 1.34 19.51 100.62 4.34 36
HMXB | 63 HS16, Y17 13.693 | -72.423 | 4693.000 - - 52.71 | 0.74 13.18 67.96 2.93 24
HMXB | 64 HS16, Y17 8.234 | -73.806 - - - 30.06 | 0.35 15.76 81.30 3.50 29
HMXB | 65 HS16, Y17 10.533 | -73.751 - - - 34.22 | 1.41 22.80 117.60 5.07 42
HMXB | 70 HS16, Y17 12.142 | -73.042 - 414.913 - 54.83 | -0.83 6.41 33.06 1.42 12
HMXB | 71 HS16, Y17 12.204 | -73.274 - - - 51.00 | -0.56 8.46 43.65 1.88 16



Table A.9: - continued

Type | Nr¢ Reference RA“ Dec? P4 pt P bit ecc.c | livetime (o] ULg ULEr ULp ULeft,acc
10710 1071 10710 10%
[°] [°] [s] [ss7'] [d] [h] [m2s '] | [ergm ?s7'] | [ergs™] [%]
HMXB | 72 HS16, Y17 12.232 | -73.829 15.640 36.432 - 31.26 | 0.40 14.42 74.38 3.20 27
HMXB | 74 HS16, Y17 12.307 | -73.194 - 80.100 - 53.11 | -0.65 6.50 33.55 1.45 12
HMXB | 76 HS16, Y17 12.377 | -73.519 - - - 36.78 | -0.06 7.63 39.37 1.70 14
HMXB | 79 HS16, Y17 12.551 | -73.199 - - - 48.35 | -0.28 8.85 45.65 1.97 16
HMXB | 81 HS16, Y17 12.650 | -73.294 - - - 49.28 | -0.18 9.32 48.06 2.07 17
HMXB | 84 HS16, Y17 12.739 | -73.169 - - - 50.75 | -0.31 7.71 39.77 1.71 14
HMXB | 85 HS16, Y17 12.774 | -73.220 - - - 50.08 | -1.33 4.63 23.88 1.03 9
HMXB | 86 HS16, Y17 12.821 | -73.268 - - - 49.59 | -0.95 4.97 25.64 1.10 9
HMXB | 91 HS16, Y17 12.998 | -73.491 - - - 38.43 | 0.30 12.36 63.76 2.75 23
HMXB | 93 HS16, Y17 13.064 | -73.321 - - - 41.56 | -2.98 2.58 13.31 0.57 5
HMXB | 95 HS16, Y17 13.155 | -72.459 - - - 51.08 | 1.00 13.44 69.31 2.99 25
HMXB | 96 HS16, Y17 13.188 | -72.479 - - - 51.13 | 0.88 13.07 67.40 2.90 24
HMXB | 97 HS16, Y17 13.217 | -72.808 - - - 52.81 | -1.83 3.49 18.01 0.78 6
HMXB | 101 HS16, Y17 13.372 | -72.563 - - - 52.96 | 1.45 15.46 79.71 3.43 29
HMXB | 104 HS16, Y17 13.424 | -72.886 - - - 52.20 | -1.85 3.92 20.23 0.87 7
HMXB | 105 HS16, Y17 13.469 | -72.444 - - - 52.91 | 0.79 14.72 75.91 3.27 27
HMXB | 107 HS16, Y17 13.539 | -72.695 - - - 52.64 | 0.98 14.17 73.06 3.15 26
HMXB | 111 HS16, Y17 13.782 | -72.378 - - - 49.77 | 0.21 12.54 64.69 2.79 23
HMXB | 114 HS16, Y17 14.023 | -72.003 - - - 46.02 | -0.69 5.72 29.49 1.27 11
HMXB | 115 HS16, Y17 14.058 | -72.500 - 72.231 - 47.97 | -0.07 9.29 47.94 2.07 17
HMXB | 116 HS16, Y17 14.061 | -72.632 - - - 45.24 | -0.34 8.57 44.21 1.90 16
HMXB | 117 HS16, Y17 14.079 | -72.468 - - - 50.63 | 0.29 11.28 58.20 2.51 21



Table A.9: - continued

Type | Nr¢ Reference RA“ Dec P4 PP P bit ecc.c | livetime (o) ULp ULEF ULL ULeft,acc
10710 1071 10710 10%
[°] [°] [s] [ss'] [d] [h] [m2s'] | [ergm>s™'] | [ergs™'] | [%]
HMXB | 119 HS16, Y17 14.349 | -72.399 - - 4575 | 2.98 30.84 159.08 6.85 57
HMXB | 121 HS16, Y17 15.126 | -72.343 - - 4219 | -1.36 5.85 30.17 1.30 11
HMXB | 123 HS16, Y17 15.232 | -72.389 - - 42.08 | -1.13 6.07 31.30 1.35 11
HMXB | 124 HS16, Y17 15.448 | -71.931 - - 38.42 | 1.11 15.93 82.15 3.54 29
HMXB | 125 HS16, Y17 15.482 | -72.544 35.610 - 41.58 | 1.00 13.84 71.40 3.08 26
HMXB | 126 HS16, Y17 15.483 | -72.174 - - 40.60 | 0.59 16.53 85.26 3.67 31
HMXB | 132 HS16, Y17 16.122 | -72.527 29.750 - 39.74 | -0.84 6.41 33.06 1.42 12
HMXB | 133 HS16, Y17 16.148 | -72.363 - - 39.58 | -0.11 9.68 49.94 2.15 18
HMXB | 136 HS16, Y17 16.637 | -73.262 - - 36.18 | -0.30 9.60 49.52 2.13 18
HMXB | 137 HS16, Y17 16.935 | -72.462 1180.000 - 37.52 | -0.22 11.13 57.41 2.47 21
HMXB | 141 HS16, Y17 19.912 | -73.503 - - 14.04 | 0.09 21.54 111.08 4.79 40
HMXB | 142 HS16, Y17 20.421 | -72.959 84.000 - 16.83 | 1.82 31.85 164.25 7.08 59
HMXB | 143 HS16, Y17 20.865 | -73.356 119.900 - 11.78 | 0.73 22.73 117.22 5.05 42

% The numbering, coordinates, spin and orbital periods are taken from HS16 [102].

b The spin down derivative, if available, is taken from Y17 [292].

¢ Eccentricities are taken from CK15 [378].

Livetime, significance ¢ and flux upper limits ULg are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy flux ULgp,

luminosity ULy, and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).



Table A.10: Integral flux upper limits for the SMC HMXBs in the energy range 0.4 — 10 TeV.

Type | Nr¢ Reference RA“ Dec? p¢ )i P& bit ecc. | livetime | © ULE ULEr ULL ULefr ace
10710 1071 1071 10%
] [] [s] [ss™'] [d] [h] [m2s7'] | [ergm2s7'] | [ergs™'] |  [%]
HMXB | 1 HS16, Y17 19.272 | -73.443 0.717 - 3.892 18.52 | -2.55 55.38 96.54 4.16 35
HMXB | 2 HS16, Y17 19.750 | -73.207 2.165 - 83.760 19.65 | -1.59 31.39 54.73 2.36 20
HMXB | 3 HS16, Y17 CK15 | 13.629 | -73.682 2.370 -1.39 18.380 | 0.07 22.65 | -2.67 38.52 67.15 2.89 24
HMXB | 4 HS16, Y17 14.797 | -71.646 2.763 3.47 81.810 18.89 | -1.90 92.01 160.41 6.91 58
HMXB | 5 HS16, Y17 13.071 | -72.331 4.780 -0.23 - 31.95 | 1.39 303.87 529.76 22.82 190
HMXB | 6 HS16, Y17 CK15 | 14.260 | -72.432 5.050 -0.69 17.200 | 0.16 34.75 | 2.90 450.84 785.99 33.86 282
HMXB | 7 HS16, Y17 CK15 | 15.723 | -72.743 6.850 -0.12 21.900 | 0.26 38.44 | 1.14 141.15 246.08 10.60 88
HMXB | 8 HS16, Y17 13.542 | -72.429 6.878 - - 33.99 | 0.99 291.02 507.35 21.86 182
HMXB | 9 HS16, Y17 13.024 | -72.434 7.780 0.69 44.920 32.14 | 1.58 305.86 533.23 22.97 191
HMXB | 10 HS16, Y17 14.493 | -72.375 7.920 21.99 40.030 35.18 | 2.84 488.32 851.32 36.68 306
HMXB | 11 HS16, Y17 CK15 | 12.972 | -72.530 8.900 0.35 28.510 | 0.41 3245 | 1.12 193.36 337.09 14.52 121
HMXB | 12 HS16, Y17 12.327 | -73.200 9.130 - 77.200 26.91 | 1.44 198.18 345.51 14.89 124
HMXB | 13 HS16, Y17 CK15 | 16.176 | -72.901 11.480 1.62 36.300 | 0.28 36.42 | 1.70 67.63 117.91 5.08 42
HMXB | 15 HS16, Y17 12.058 | -73.368 11.866 -1.39 - 23.81 | 1.06 147.81 257.69 11.10 93
HMXB | 16 HS16, Y17 13.058 | -73.322 15.300 -0.23 74.320 31.19 | -0.34 69.25 120.73 5.20 43
HMXB | 17 HS16, Y17 12.686 | -73.268 16.600 0.23 33.720 26.42 | -0.40 43.66 76.12 3.28 27
HMXB | 18 | HS16, Y17 CK15 | 12.298 | -72.827 18.370 0.35 17.730 | 0.43 30.72 | 0.31 72.22 125.91 5.42 45
HMXB | 19 HS16, Y17 19.418 | -73.514 22.070 - 83.700 17.57 | -2.03 49.74 86.72 3.74 31
HMXB | 20 HS16, Y17 12.059 | -73.168 51.000 - 22.530 27.19 | 0.08 123.62 215.51 9.28 77
HMXB | 21 HS16, Y17 17.786 | -73.279 31.030 - 90.530 22.59 | 1.62 451.88 787.79 33.94 283
HMXB | 22 HS16, Y17 13.480 | -72.446 46.630 -5.56 137.360 34.19 | 1.06 279.48 487.24 20.99 175
HMXB | 23 HS16, Y17 13.735 | -72.446 59.070 -5.09 62.100 34.56 | 2.19 407.79 710.94 30.63 255



Table A.10: - continued
Type | Nr¢ Reference RA“ Dec P pb P it ecc.c | livetime o ULf ULgr ULp ULeft,acc
10710 1071 1071 10%
[°] [°] [s] [ss'] [d] [h] [m>s™'] | [ergm>s~'] | [ergs™] [%]
HMXB | 24 HS16, Y17 16.802 | -72.593 65.780 11.57 | 111.040 32.86 | -0.35 47.04 82.02 3.53 29
HMXB | 25 | HS16, Y17 CK15 | 12.264 | -72.848 74.670 8.91 33.380 | 0.40 30.61 | 0.45 62.85 109.57 4.72 39
HMXB | 26 HS16, Y17 13.037 | -72.634 82.400 6.13 | 362.300 34.16 | 2.18 252.20 439.68 18.94 158
HMXB | 27 HS16, Y17 12.738 | -72.226 91.120 | -132.41 88.370 29.51 | -1.36 60.06 104.71 4.51 38
HMXB | 28 HS16, Y17 13.471 | -72.445 95.000 25.46 71.300 3419 | 1.06 279.48 487.24 20.99 175
HMXB | 29 HS16, Y17 14.363 | -73.422 | 101.160 | -18.52 21.949 30.04 | -0.28 71.97 125.48 5.41 45
HMXB | 30 HS16, Y17 13.350 | -72.454 | 138.000 53.24 | 103.600 33.90 | 0.19 165.88 289.19 12.46 104
HMXB | 31 HS16, Y17 14.024 | -72.366 | 140.100 | -12.73 | 197.000 3490 | 1.86 416.37 725.89 31.27 261
HMXB | 32 HS16, Y17 13.471 | -72.445 | 144.100 85.65 59.380 3419 | 1.06 279.48 487.24 20.99 175
HMXB | 33 HS16, Y17 14.460 | -72.132 | 152.340 | -12.27 - 31.04 | -1.23 44.64 77.82 3.35 28
HMXB | 34 HS16, Y17 16.930 | -71.998 | 153.990 - - 18.70 | 0.06 160.50 279.81 12.06 100
HMXB | 35 HS16, Y17 13.230 | -71.968 | 169.300 | -72.92 68.540 25.19 | -0.92 97.32 169.66 7.31 61
HMXB | 36 HS16, Y17 12.966 | -73.176 | 172.000 | -35.07 68.780 35.49 | -0.26 39.39 68.66 2.96 25
HMXB | 37 HS16, Y17 15.468 | -72.392 | 175.400 28.94 - 35.72 | 1.02 342.60 597.28 25.73 214
HMXB | 38 HS16, Y17 14.838 | -72.388 | 201.900 | -33.56 71.980 3497 | 1.75 309.00 538.71 23.21 193
HMXB | 39 HS16, Y17 14.870 | -72.618 | 202.520 - | 224.600 35.08 | 1.06 162.26 282.88 12.19 102
HMXB | 40 HS16, Y17 12.546 | -73.007 | 214.030 | -10.30 29.910 37.22 | -0.47 43.13 75.19 3.24 27
HMXB | 41 HS16, Y17 11.847 | -73.208 | 263.000 16.20 49.120 25.82 | -0.49 98.40 171.55 7.39 62
HMXB | 42 HS16, Y17 23.214 | -74.429 | 264.520 - - 0.00 | 0.00 0.00 0.00 0.00 0
HMXB | 43 HS16, Y17 14.456 | -72.043 | 280.400 | 115.74 64.800 29.66 | -0.62 72.99 127.24 5.48 46
HMXB | 44 HS16, Y17 14.553 | -72.513 | 291.330 -5.79 59.726 35.01 | 2.34 329.69 574.77 24.76 206
HMXB | 45 HS16, Y17 12.700 | -73.305 | 292.700 31.25 - 26.40 | -0.56 43.26 75.42 3.25 27



Table A.10: - continued
Type | Nr¢ Reference RA“ Dec P pb P it ecc.c | livetime o ULf ULgr ULp ULeft,acc
10710 1071 1071 10%
[°] [°] [s] [ss'] [d] [h] [m>s™'] | [ergm>s~'] | [ergs™] [%]
HMXB | 46 HS16, Y17 15.262 | -72.116 | 304.500 33.56 | 344.000 26.14 | -1.33 78.37 136.63 5.89 49
HMXB | 47 HS16, Y17 12.686 | -73.268 | 323.200 | -174.77 | 116.600 26.42 | -0.40 43.66 76.12 3.28 27
HMXB | 48 HS16, Y17 13.217 | -72.287 | 325.400 | -34.72 45.930 31.28 | 1.97 362.38 631.77 27.22 227
HMXB | 49 HS16, Y17 13.516 | -72.442 | 341.900 | 171.30 - 34.00 | 0.78 273.86 477.44 20.57 171
HMXB | 50 HS16, Y17 15.808 | -72.154 | 345.200 | -28.94 94.400 25.28 | -0.60 101.64 177.20 7.63 64
HMXB | 51 HS16, Y17 15.336 | -72.189 | 455.000 | -150.46 74.560 30.11 | -0.98 52.28 91.15 3.93 33
HMXB | 52 HS16, Y17 13.733 | -72.753 | 499.200 1.04 | 265.300 35.28 | 0.83 302.81 527.90 22.74 190
HMXB | 53 HS16, Y17 15.698 | -72.081 522.500 | -208.33 - 23.94 | -0.50 111.81 194.92 8.40 70
HMXB | 54 HS16, Y17 14.401 | -72.326 | 565.000 26.62 | 151.800 35.44 | 1.33 364.85 636.07 27.40 228
HMXB | 55 HS16, Y17 13.898 | -72.485 | 644.600 17.36 - 3496 | 2.68 454.21 791.87 34.12 284
HMXB | 56 HS16, Y17 13.826 | -72.648 | 701.600 | 347.22 | 412.000 3451 | 0.64 250.83 437.30 18.84 157
HMXB | 57 HS16, Y17 16.481 | -72.064 | 726.000 23.15 - 21.64 | 0.99 300.80 524.41 22.59 188
HMXB | 58 HS16, Y17 12.425 | -73.388 | 755.500 | -474.54 | 389.900 25.10 | -0.16 47.31 82.48 3.55 30
HMXB | 59 HS16, Y17 12.374 | -73.183 | 894.000 | -78.70 91.500 30.56 | 0.81 167.43 291.90 12.58 105
HMXB | 60 HS16, Y17 15.528 | -71.688 | 967.000 | -72.92 | 101.400 19.32 | -0.17 186.93 325.88 14.04 117
HMXB | 61 HS16, Y17 21.942 | -73.549 | 1062.000 | 821.76 - 6.86 | 0.09 151.39 263.93 11.37 95
HMXB | 62 HS16, Y17 15.906 | -72.026 | 1323.000 | -752.31 - 23.45 | 1.16 228.95 399.15 17.20 143
HMXB | 63 HS16, Y17 13.693 | -72.423 | 4693.000 - - 34.00 | 2.05 484.46 844.60 36.39 303
HMXB | 64 HS16, Y17 8.234 | -73.806 - - - 0.00 | 0.00 0.00 0.00 0.00 0
HMXB | 65 HS16, Y17 10.533 | -73.751 - - - 1259 | 1.48 306.84 534.93 23.05 192
HMXB | 70 HS16, Y17 12.142 | -73.042 - - | 414913 31.34 | -0.79 72.67 126.69 5.46 45
HMXB | 71 HS16, Y17 12.204 | -73.274 - - - 25.67 | 1.35 219.60 382.85 16.49 137



Table A.10: - continued

Type | Nr¢ Reference RA“ Dec P pb P it ecc.c | livetime o ULf ULgr ULp ULeft,acc
10710 1071 1071 10%
[°] [°] [s] [ss'] [d] [h] [m>s™'] | [ergm>s~'] | [ergs™] [%]
HMXB | 72 HS16, Y17 12.232 | -73.829 15.640 - 36.432 17.07 | 0.73 162.25 282.86 12.19 102
HMXB | 74 HS16, Y17 12.307 | -73.194 - - 80.100 27.05 | 1.03 172.50 300.74 12.96 108
HMXB | 76 HS16, Y17 12.377 | -73.519 - - - 23.01 | -0.39 80.32 140.02 6.03 50
HMXB | 79 HS16, Y17 12.551 | -73.199 - - - 30.60 | 0.56 137.26 239.29 10.31 86
HMXB | 81 HS16, Y17 12.650 | -73.294 - - - 26.33 | -0.79 38.90 67.82 2.92 24
HMXB | 84 HS16, Y17 12.739 | -73.169 - - - 36.21 | -0.39 56.34 98.22 4.23 35
HMXB | 85 HS16, Y17 12.774 | -73.220 - - - 31.37 | 0.29 68.00 118.55 5.11 43
HMXB | 86 HS16, Y17 12.821 | -73.268 - - - 26.84 | -0.52 46.12 80.41 3.46 29
HMXB | 91 HS16, Y17 12.998 | -73.491 - - - 25.16 | -1.13 80.98 141.18 6.08 51
HMXB | 93 HS16, Y17 13.064 | -73.321 - - - 31.19 | -0.38 61.68 107.53 4.63 39
HMXB | 95 HS16, Y17 13.155 | -72.459 - - - 33.31 | 1.38 257.49 448.91 19.34 161
HMXB | 96 HS16, Y17 13.188 | -72.479 - - - 33.48 | 1.08 188.20 328.11 14.14 118
HMXB | 97 HS16, Y17 13.217 | -72.808 - - - 36.29 | 1.53 277.31 483.45 20.83 174
HMXB | 101 HS16, Y17 13.372 | -72.563 - - - 33.90 | 0.51 93.43 162.89 7.02 58
HMXB | 104 HS16, Y17 13.424 | -72.886 - - - 36.34 | 1.41 152.95 266.65 11.49 96
HMXB | 105 HS16, Y17 13.469 | -72.444 - - - 34.09 | 1.06 279.48 487.24 20.99 175
HMXB | 107 HS16, Y17 13.539 | -72.695 - - - 34.25 | 1.89 325.72 567.86 24.46 204
HMXB | 111 HS16, Y17 13.782 | -72.378 - - - 33.73 | 2.66 607.75 1059.53 45.65 380
HMXB | 114 HS16, Y17 14.023 | -72.003 - - - 28.80 | -1.02 70.17 122.33 5.27 44
HMXB | 115 HS16, Y17 14.058 | -72.500 - - 72.231 34.98 | 2.70 434.73 757.90 32.65 272
HMXB | 116 HS16, Y17 14.061 | -72.632 - - - 3496 | 0.72 250.87 437.36 18.84 157
HMXB | 117 HS16, Y17 14.079 | -72.468 - - - 34.66 | 3.57 497.96 868.14 37.40 312



Table A.10: - continued

Type | Nr¢ Reference RA“ Dec P pb P it ecc.c | livetime o ULf ULgr ULp ULeft,acc
10710 1071 1071 10%
[°] [°] [s] [ss'] [d] [h] [m>s™'] | [ergm>s~'] | [ergs™] [%]
HMXB | 119 HS16, Y17 14.349 | -72.399 - - - - 34.67 | 2.34 413.12 720.22 31.03 259
HMXB | 121 HS16, Y17 15.126 | -72.343 - - - - 35.14 | 1.79 352.52 614.57 26.48 221
HMXB | 123 HS16, Y17 15.232 | -72.389 - - - - 35.30 | 1.06 322.29 561.87 24.21 202
HMXB | 124 HS16, Y17 15.448 | -71.931 - - - - 23.02 | 1.18 231.18 403.03 17.36 145
HMXB | 125 HS16, Y17 15.482 | -72.544 - - 35.610 - 35.45 | 0.48 145.60 253.83 10.94 91
HMXB | 126 HS16, Y17 15.483 | -72.174 - - - - 25.72 | -0.81 59.12 103.07 4.44 37
HMXB | 132 HS16, Y17 16.122 | -72.527 - - 29.750 - 3430 | 2.75 221.58 386.30 16.64 139
HMXB | 133 HS16, Y17 16.148 | -72.363 - - - - 29.73 | 0.39 117.26 204.42 8.81 73
HMXB | 136 HS16, Y17 16.637 | -73.262 - - - - 2295 | 0.12 320.74 559.17 24.09 201
HMXB | 137 HS16, Y17 16.935 | -72.462 - - | 1180.000 - 28.66 | -0.31 90.69 158.11 6.81 57
HMXB | 141 HS16, Y17 19.912 | -73.503 - - - - 13.00 | -0.03 144.98 252.76 10.89 91
HMXB | 142 HS16, Y17 20.421 | -72.959 - - 84.000 - 15.12 | 1.90 170.66 297.53 12.82 107
HMXB | 143 HS16, Y17 20.865 | -73.356 - - | 119.900 - 10.57 | 0.00 299.65 522.40 22.51 188

% The numbering, coordinates, spin and orbital periods are taken from HS16 [102].

b The spin down derivative, if available, is taken from Y17 [292].

¢ Eccentricities are taken from CK15 [378].

Livetime, significance o and flux upper limits UL are extracted from the respective sky maps in the energy range of 0.4 — 10 TeV. Upper limits on the energy flux ULgg,
luminosity ULy, and efficiency UL.¢ are estimated as described in the text (Section 5.2.4).



Table A.11: Integral flux upper limits for the SMC PSRs in the energy range 1 — 100 TeV.

Type | Source Name Reference RA“ Dec? p4 P4 E“¢ livetime | © ULg ULEr UL ULeg
10-15 10 10-10 10-10 103
[°] [°] [s] | [ss™'] |[ergs™'1| [h] [m2s '] [ [ergm 2s7'] | [ergs™'] |  [%]

PSR | J0043-7300 | Titus etal 2019 | 10.858 | -73.189 | 0.94 - - | 5090 | -1.26 4.91 25.34 1.09 -
PSR | J0045-7042 ATNF 11.357 | -70.702 | 0.63 2.49 0.0039 21.95 | 0.27 17.44 89.94 3.87 99356
PSR | J0057-7201 ATNF 14.433 | -72.022 | 0.74 0.10 0.0001 43.53 | 0.91 12.26 63.22 2.72 | 2779235
PSR | J0100-7211 ATNF 15.179 | -72.193 | 8.02 | 18800.00 0.0140 4467 | 0.19 10.74 55.39 2.39 17046
PSR | JO111-7131 ATNF 17.870 | -71.530 | 0.69 7.09 0.0086 21.34 | -1.06 7.28 37.54 1.62 18806
PSR | J0113-7220 ATNF 18.296 | -72.342 | 0.33 4.86 0.0550 30.73 | 0.06 10.55 54.39 2.34 4261
PSR | J0131-7310 ATNF 22.869 | -73.169 | 0.35 1.76 0.0160 6.18 | 0.53 34.34 17713 7.63 47697
PSR | J0052-72 Titus et al 2019 | 13.119 | -72.087 | 0.19 - - 49.27 | -1.00 4.77 24.63 1.06 -

“ Coordinates, period, period derivative and spin-down power are taken from the online version of the ATNF catalogue [282].
Livetime, significance o and flux upper limits ULg are extracted from the respective sky maps in the energy range of 1 — 100 TeV. Upper limits on the energy flux
ULgr, luminosity ULy, and efficiency UL are estimated as described in the text (Section 5.2.4).



Table A.12: Integral flux upper limits for the SMC PSRs in the energy range 0.4 — 10 TeV.

Type | Source Name Reference RA“ Dec? p4 P4 E“¢ livetime | © ULg ULEr UL ULeg
10-15 10 10-10 10-10 103
[°] [°] [s] | [ss™'] |[ergs™'1| [h] [m2s '] [ [ergm 2s7'] | [ergs™'] |  [%]

PSR | J0043-7300 | Titus etal 2019 | 10.858 | -73.189 | 0.94 - - 2022 077 | 21124 368.27 | 15.87 -
PSR | J0045-7042 ATNF 11.357 | -70.702 | 0.63 2.49 0.0039 - - - - - -
PSR | J0057-7201 ATNF 14.433 | -72.022 | 0.74 0.10 0.0001 29.75 | -0.90 68.42 119.28 5.14 | 5243949
PSR | J0100-7211 ATNF 15.179 | -72.193 | 8.02 | 18800.00 0.0140 30.51 | -0.27 94.15 164.14 7.07 50511
PSR | JO111-7131 ATNF 17.870 | -71.530 | 0.69 7.09 0.0086 1042 | 3.65 419.73 731.75 31.53 366580
PSR | J0113-7220 ATNF 18.296 | -72.342 | 0.33 4.86 0.0550 21.12 | 0.80 210.47 366.93 15.81 28743
PSR | J0131-7310 ATNF 22.869 | -73.169 | 0.35 1.76 0.0160 554 | 0.91 125.85 219.40 9.45 59078
PSR | J0052-72 Titus et al 2019 | 13.119 | -72.087 | 0.19 - - 25.52 | -0.98 77.25 134.67 5.80 -

“ Coordinates, period, period derivative and spin-down power are taken from the online version of the ATNF catalogue [282].
Livetime, significance ¢ and flux upper limits ULg are extracted from the respective sky maps in the energy range of 0.4 — 10 TeV. Upper limits on the energy flux
ULgr, luminosity ULy, and efficiency UL are estimated as described in the text (Section 5.2.4).



Table A.13: Integral flux upper limits for the SMC SFRs in the energy range 1 — 100 TeV.

Type | Source Name | Reference RA Dec diameter | puss | livetime (o] ULg ULgp UL,

1076 10710 1071 10%
[°] [°] [pc] | [pc 21| [h] [m2s '] | [ergm 2s7'] | [ergs™']
SFR | A2 LO7 21.038 | -73.148 187 | 9.08 | 10.70 | -0.87 22.84 117.81 5.08
SFR | A5 LO7 17.296 | -73.194 187 | 9.08 | 35.18 | -1.32 17.72 91.40 3.94
SFR | A7 LO7 16.479 | -72.046 257 | 4.81 | 3713 | 3.22 51.31 264.65 11.40
SFR | A9 LO7 15.704 | -72.420 161 | 12.35 | 40.81 | 1.17 25.70 132.55 5.71
SFR | A13 LO7 14.363 | -72.540 241 | 10.98 | 44.95 | -0.79 15.99 82.47 3.55
SFR | A15 LO7 13.417 | -72.658 268 | 8.89 | 53.03 |-0.25 20.25 104.46 4.50
SFR | A16 LO7 13.242 | -73.236 268 | 8.89 | 4287 | -0.20 20.40 105.24 4.53
SFR | A17 LO7 13.146 | -73.427 292 | 3.73 | 39.61 | 048 45.75 235.96 10.17
SFR | C9 LO7 14.525 | -72.649 321 | 3.09 | 44.83 | -0.64 26.10 134.62 5.80
SFR | C14 LO7 12.925 | -73.224 329 | 293 | 50.88 |-0.78 24.77 127.77 5.50
SFR | C22 LO7 11.650 | -73.369 328 | 295 | 4869 | -2.16 28.50 146.98 6.33
SFR | C23 LO7 11.333 | -73.234 320 | 12.44 | 50.25 | -1.48 26.67 137.57 5.93

¢ Coordinates, diameter and density of associations (p,ss) are taken from L07 [105].

The livetime is extracted from the acceptance corrected livetime sky map, significance o and flux upper limits ULg are estimated based

on the spatially integrated VHE y-ray emission within the extension of the respective SFR in the energy range of 1 — 100 TeV as explained

in Section 5.3.4. Upper limits on the energy flux ULgr and luminosity ULy are estimated as described in section (Section 3.1.8).



Table A.14: Integral flux upper limits for the SMC SFRs in the energy range 0.4 — 10 TeV.

Type | Source Name | Reference RA Dec diameter | puss | livetime (o] ULg ULgp UL,

1076 10710 1071 10%
[°] [°] [pc] | [pc 21| [h] [m2s '] | [ergm 2s7'] | [ergs™']
SFR | A2 LO7 21.038 | -73.148 187 | 9.08 | 10.24 | 0.44 134.46 234.41 10.10
SFR | A5 LO7 17.296 | -73.194 187 | 9.08 | 23.61 | 2.01 164.44 286.68 12.35
SFR | A7 LO7 16.479 | -72.046 257 | 4.81 | 2155 |-0.87 103.66 180.71 7.79
SFR | A9 LO7 15.704 | -72.420 161 | 12.35 | 35.61 | -1.29 62.63 109.19 4.70
SFR | A13 LO7 14.363 | -72.540 241 | 10.98 | 3524 | 0.62 81.57 142.21 6.13
SFR | A15 LO7 13.417 | -72.658 268 | 8.89 | 33.78 | 0.14 192.77 336.07 14.48
SFR | A16 LO7 13.242 | -73.236 268 | 8.89 | 34.47 | 2.06 134.38 234.27 10.09
SFR | A17 LO7 13.146 | -73.427 292 | 373 | 2540 | 0.74 86.79 151.31 6.52
SFR | C9 LO7 14.525 | -72.649 321 | 3.09 | 33.91| 027 140.90 245.64 10.58
SFR | C14 LO7 12.925 | -73.224 329 | 293 | 3356 | 1.94 214.27 373.56 16.09
SFR | C22 LO7 11.650 | -73.369 328 | 295| 21.38]-0.13 161.67 281.85 12.14
SFR | C23 LO7 11.333 | -73.234 320 | 12.44 | 2157 | -1.04 121.61 212.02 9.13

¢ Coordinates, diameter and density of associations (p,ss) are taken from L07 [105].

The livetime is extracted from the acceptance corrected livetime sky map, significance o and flux upper limits UL are estimated based on

the spatially integrated VHE 7-ray emission within the extension of the respective SFR in the energy range of 0.4 — 10 TeV as explained

in Section 5.3.4. Upper limits on the energy flux ULgr and luminosity ULy, are estimated as described in section (Section 3.1.8).



Appendix B

Bow shocks of runaway stars

Stars with strong winds that move supersonically through the ISM can produce a bow shock
while compressing matter ahead of the star. These shocks were proposed to be acceleration
sites for cosmic rays up to multi-TeV energies [60]. As runaway stars are typically isolated ob-
jects moving through a low density ISM, the bow-shaped shocks are also mostly isolated sys-
tems. A continuous injection of material through the stellar wind results in a system, which is
in steady-state leading to an equilibrium of continuous particle acceleration and radiative losses
in a self-contained system. Thus, the study of y rays originating from bow shocks of runaway
stars is particularly interesting to understand cosmic-ray acceleration mechanisms in astrophys-
ical shocks.

This chapter describes the VHE v-ray analysis of bow shocks of runaway stars, which got
serendipitously observed within the HGPS [63] and other targeted H.E.S.S. observations. The
chapter starts with a short introduction to the theoretical background in Section B.1, followed
by an overview of existing studies of bow shocks of runaway stars. The VHE v-ray analysis is
described in Section B.4. Due to the diverse observational parameter space, the systematic
uncertainties, described in Section B.4.2 have to be considered to guarantee a mostly unbiased
population study, which is described in Section B.4.4.

B.1 Formation and Structure of Bow Shocks of Runaway Stars

Stars, that are born at the same time out of the same molecular cloud, are referred to as stellar
clusters, if they are gravitationally bound, or as stellar associations moving around a central black
hole with an orbital speed given by the galaxy’s rotation curve. Due to gravitational interactions
or energetic events such as supernova explosions a star can be ejected from its birth associa-
tion [379-381]. With typical peculiar velocities of v ~ 30 km/s [382, 383], those runaway stars
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move supersonically through the ISM. Between 10% and 30% of those runaway stars exhibit
strong winds (e.g. OB stars or Wolf-Rayet stars), a continuous flow of material ejected from the
surface of the star, which leads to a bow shock, an arc-shaped structure, ahead of the star by
compressing the surrounding gas [384, 385]. The collision of the supersonic stellar wind with the
ISM results in a system of two shocks.

» Y Ge

Vism =V+ ~ 30 km/s

i

Figure B.1: Schematic structure of a bow shock at its rest frame. Image Credit: S. Klepser.

Figure B.1 schematically shows the structure of a bow shock and environmental parameters in
the bow shock’s rest frame. The arc-shaped shock forms at a typical distance Ry (also called the
stand-off radius) ahead of the star and consists of a slow forward shock and a reverse shock,
which are separated by the contact discontinuity. Under the assumption that the stellar wind can
be considered as a constant power source, the ram pressure of the wind P, = py X va, with the
wind density pyw and the wind velocity vy, and the ram pressure of the ISM Asm = Pism X vIZSM,
with the ISM density pism and the ISM velocity visy, can be assumed to be in equilibrium in the
bow shock region. The stand-off radius is then given by:

M. vy,
Ry =] ——¥
4mprsmvs

where M, is the mass-loss rate of the star.

The forward shock moves approximately with the same speed as the runaway star v.. As the
cooling length of the shock is much smaller than the stand-off radius, the gas inside the shock is
cooling rapidly and the shock is hence called radiative shock. The rebounded material causes a
second shock, also called reverse shock, moving towards the star with the speed of the wind vy,.
As the reverse shock is moving much faster it can be considered to be adiabatic [386, 387]. The
stellar wind continuously injects material into the stellar shock region thus providing the system
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continuously with target material, which is required for thermal as well as non-thermal emission.
Via radiative heating of the swept up ISM by the stellar radiation field or via Bremsstrahlung
caused by decelerated electrons in the ISM, bow shocks can produce thermal emission at infra-
red wavelengths, where they are typically detected. Figure B.2 shows an infra-red image of the
bow shock of the B-type supergiant star Kappa Cassiopeiae.

Figure B.2: Infra-red image of the bow shock of the runaway star Kappa Cassiopeiae taken by Spitzer.
Image Credit: NASA/JPL-Caltech

B.2 Observations of Stellar Bow Shocks

Van Buren and McCray were the first reporting on thermal emission of bow-shaped structures
around OB and Wolf-Rayet stars, seen by InfraRed Astronomical Satellite (IRAS) in the infra-red
wavelength regime [388]. The first survey of stellar bow shocks of runaway stars was performed
in 1995 based on IRAS data with the conclusion that the bow shape structures are a result of
the radiatively heated swept up dust near the fast moving stars [384]. Other surveys have been
performed by e.g. Noriega & Crespo [389] with a follow-up survey based on archival IRAS data
[390], searching for bow shape structure in data from the Midcourse Space Experiment (MSX)
satellite, the Spitzer Space Telescope and the preliminary data release of the Wide-Field Infrared
Survey Explorer (WISE); or by Peri et al. [385], who compiled the first catalogue of bow shocks of
runaway stars based on available IRAS data for catalogued runaway stars - the Extensive stellar
BOw Shock Survey catalogue (E-BOSS), that was updated in 2015 to the most comprehensive
catalogue of bow shocks of runaway stars - the second E-BOSS catalogue release [65]. The
catalogue comprises 73 bow shock candidates that were selected based on existing catalogues
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and recent publications of bow shocks of runaway stars, mainly observed with the Wide-Field
Infrared Survey Explorer (WISE), as well as serendipitously discovered bow shock for comple-
tion. All of the above listed surveys confirm the presence of thermal emission of supersonically
moving stars.

In 2010, the first bow shock emitting non-thermal radio emission was detected [59]. Follow-
up observations of Suzaku, searching for a non-thermal X-ray counterpart of the bow shock of
BD 43°3654, revealed no significant emission towards the bow shock. However, the resulting
upper limits constrained the emission model from Benaglia et al. [59], implying that either the
efficiency of the shock-heating process was overestimated, leading to maximum electron en-
ergies of less than 10 TeV, or the magnetic field turbulences in the shock acceleration regions
are smaller than assumed. All other searches for non-thermal X-ray emission from bow shocks
resulted in upper limits (i.e. [391, 392]) or could not firmly identify the nature and origin of the
emission (i.e. [61, 393]), leading to the conclusion, that the emitted synchrotron radiation of
accelerated electrons seems to be below the sensitivity of the current generation of X-ray instru-
ments.

A systematic search for y-ray emission in the HE regime based on Fermi data, that would con-
strain the non-thermal emission due to inverse Compton radiation or due to proton-proton in-
teractions as predicted by several studies [59, 60, 393], was performed by Schulz et al. [394],
resulting in upper limits for 27 bow shock candidates. The upper limit for the most promising can-
didate { Ophiuchi was found to be a factor of ~ 5 below the predicted emission [60]. Recently,
Sanchez-Ayaso et al. [395] discussed a possible association of two unidentified Fermi sources
with stellar bow shocks and came to the conclusion, that an association is very likely but can
not be fully confirmed. In the VHE regime the H.E.S.S. collaboration performed the first system-
atic search of bow shocks based on archival H.E.S.S. data [10]. (The results are presented in
Section B.4.) In the following the relevant processes for non-thermal VHE y-ray emission of bow
shocks of runaway stars will be explained.

B.3 Bow Shocks of Runaway Stars as Non-Thermal Emitters

Shocks provide perfect conditions for particle acceleration up to > 10! eV resulting in Y-ray
emission up to TeV energies as has been shown for SNRs or PWNe [7, 63, 110]. Provided that
the shock produced by the runaway star is strong and dense enough, particles are assumed
to be accelerated via diffusive shock acceleration and radiate non-thermal emission through
interactions of the relativistic particles with the swept-up material, radiation fields and magnetic
fields. The kinetic energy that is transferred to non-thermal particles through diffusive shock
acceleration is released via y-rays. The resulting spectral energy distribution depends on the
dominating radiative losses. Depending on the bow shock system, either the hadronic or the
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leptonic energy losses dominate [60], whereby the acceleration efficiency and maximum energy
depend on the acceleration timescales. The different processes are described in more detail in
the following. A more detailed description on the relevant non-thermal radiative losses can be
found here [60].

Synchrotron Radiation

Synchrotron radiation is released, when the relativistic cosmic rays inside bow shocks are de-
flected while gyrating in the magnetic field. The average energy-loss rate of relativistic electrons
is given by Equation 4.1 and the cooling time is proportional to £~! assuming a fixed magnetic
field. The radiated non-thermal emission can be observed at ~ 10710 — 107 eV.

So far, only from the bow shock of the runaway star BD 43°3654 non-thermal emission is de-
tected, that is attributed to synchrotron emission of relativistic electrons. Under the assumption,
that the acceleration mechanisms are the same in all bow shocks of runaway stars, the radio
detection of BD 43°3654 constrains the magnetic field in these systems.

Inverse Compton Scattering

The cooled electrons (via synchrotron radiation) can up-scatter low-energy photons of the stellar
radiation field or the infra-red photon field from heated dust thus leading to non-thermal inverse
Compton radiation. The cooling time is given by Equation 4.2.

The target photon fields in bow shocks of runaway stars are dominated by the stellar radiation
field at the distance R, from the star and the infra-red radiation field from heated dust cooling
by radiating infra-red photons [60]. The incident photon energies are given by the temperature
spectrum of the photon field. Both photon fields are assumed to follow a black-body spectrum
with temperature 7, in case of the stellar photon field, and

~1/6 1/6 ~1/3
Tig =27 [ -2 _ L Ro K
lum 1038 erg /s Ipc

for the temperature of the infra-red photon field, following Draine & Lee [396]. a depicts the dust

grain size, that is assumed to be a ~ 0.2 um.

Relativistic Bremsstrahlung

Relativistic Bremsstrahlung is released, when electrons get deflected in the Coulomb field of
protons and ionised nuclei. For estimating the cooling time caused by Bremsstrahlung in bow
shocks of runaway stars, del Valle & Romero [60] assume a complete ionised plasma leading to
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tgrl <nlnkE,

where n is the density of the target ions in the shocked stellar wind, which is directly proportional
to the stellar wind density, that mainly defines the flux level of the emitted spectrum. Due to the
logarithmic dependence on the energy, the cooling time is almost independent of the energies
of the electron population.

Proton-Proton Inelastic Collisions

Protons mainly lose energy through inelastic proton-proton collisions with material provided by
the ambient matter. The cooling time for proton-proton collisions is defined in Equation 4.4.
The dependence of the energy of the non-thermal emission is rather weak for the energy range
considered in this work (see Figure B.3).

Non-Thermal Contribution from the shocked ISM

Relativistic particles escaping from the acceleration region to the denser shocked ISM continue
cooling via proton-proton inelastic collisions and relativistic Bremsstrahlung. Particle diffusion
is expected in systems with highly turbulent stellar winds colliding with the incoming ISM. The
characteristic timescale for particle diffusion can be approximated by [387]:

R

M
DioGev

Idifr ~

where Djggev is the diffusion coefficient at E = 10 GeV. The diffusion coefficient is assumed
to be only dependent on the particles energy, but it also depends on the diffusion regime (slow
Bohm diffusion or fast diffusion). In the fast diffusion regime, particle diffusion is more relevant
than in the Bohm regime. As well, the diffusion timescale depends on the physical properties of
the star.

Particle advection can be caused by the velocity field of the stellar wind and the ISM. The char-
acteristic timescale for particle advection can be estimated via [387]:

Ry

fady ~ —,
1%

with v being either the stellar wind velocity or the ISM velocity. Thus, the characteristic timescale
for particle advection is energy independent and only depends on the stellar properties.
The ¥ rays produced via non-thermal radiative losses of those escaped particles contribute to
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Figure B.3: Acceleration and cooling timescales for electrons (left) and protons (right) for the bow shock
of the runaway star 11 Ophiuchi. Shown are the timescales for the acceleration (Acc) and cooling via
synchrotron radiation (Synchr), inverse Compton on the stellar photon field (IC star) and the infra-red
photon field from heated dust (IC dust), Bremsstrahlung (Brems), proton-proton inelastic collision (p-p),
diffusion (Diff) and convection (Conv). Figure taken from [60].

the resulting spectral energy distribution emitted by the bow shock.

Figure B.3 shows the timescales for the particle acceleration together with the timescales for
different energy loss processes for the bow shock of the runaway star 1 Ophiuchi [60]. In this
specific bow shock, the inverse Compton scattering of infra-red photons emitted from the dust
dominates the non-thermal radiation losses. Bremsstrahlung, inverse Compton scattering of
stellar photons and proton-proton inelastic collisions are subdominant processes in this system.
del Valle & Romero conclude, that the non-thermal emission radiated by electrons or protons
that diffused or advected into the dense ISM is negligible compared to the other energy losses.

Absorption through y-y Annihilation via Pair Creation

The y rays emitted via radiative losses of relativistic particles can be absorbed in the acceleration
region immediately after being created due to photon-photon annihilation via pair production with
thermal and non-thermal photons available in the acceleration region. The absorption depends
on the line-of-sight [397] and hence on the orientation and dimension of the system. The y-ray
absorption varies strongly, being highest, if the bow shock is located behind the runaway star
with respect to the observer. If the bow shock is located behind the star with respect to the ob-
servers perspective, the emitted y rays strongly interact with the ambient photon field, whereas
the y-ray absorption is lowest, if the bow shock is placed in front of the star in the line-of sight
between observer and star. The threshold energy is given by
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Ee = —2(mecz)2,
1 —eyepn

with ey and e, being the directions of the travelling y ray and photon.
The y-ray absorption leads to a reduction of the y-ray flux finally reaching Earth.

Estimation of Maximum Particle Energy

Particles start to cool via non-thermal radiative losses as soon as the accelerated relativistic par-
ticles exceed a minimum energy Enin 2 mec?. The maximum energy of the electrons and pro-
tons is reached as soon as the energy losses dominate over the particle acceleration. Thus, the
maximum energy can be estimated, by equating the acceleration timescale #,.. with the smallest
cooling rate 7.o01,.min- As the gyroradius of the particles increases with increasing energy, parti-
cles will only stay in the acceleration region, when in addition the Hillas criterion (Equation 4.6)
is fulfilled.

Figure B.3 shows, that the maximum energy for both particle populations, electrons and pro-
tons, is of the order of ~ 1TeV. When assuming an acceleration region with a size of ~ 1pc
and a magnetic field in the shock region of ~ 10~% G [387], the Hillas criterium is fulfilled with
Emax ~ 1 TeV.

B.3.1 Power Considerations

The only source for the available power in the bow-shock system is the kinetic energy injected
by the stellar wind:
1. 5

Pying = EMWVW.
As the wind is emitted isotropically in a volume of a sphere, whereas the bow shock covers only
a limited solid angle of the sphere, only a fraction of the wind power is available in the bow shock
system P,s = fPyindg. Furthermore, only a small fraction f;, of this kinetic energy is transferred
to relativistic particles. This fraction is generally assumed to be ~ 10% [398]. In Section B.5 the
results will be discussed in connection with a more recent paper, where the authors assume a
fraction of fip, ~ 0.05.
Due to the simplistic structure of these systems, observations of bow shocks of runaway stars
can prove or constrain these assumptions in a straight-forward manner.
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B.3.2 Particle Distribution

Under the assumption that particle injection into the acceleration region, particle acceleration,
and radiative losses are in steady state, the particle distribution N(E) for electrons and protons
can be estimated by solving the transport equation in steady state [145]:

| N(E)] +NE) _ o, (B.1)

JE | dr

tesc

d [dE

where .4 is the convection time. The injection function Q(E) follows a power-law distribution
Q(E) = QoE~* with normalisation Qy, which results from the diffusive shock acceleration. Solv-
ing Equation B.1 shows, that the particle distribution also follows a power law. Using the result
for the particle distribution and the cooling times for each energy-loss process and taking into
account the ratio of the power injected in electrons and positrons and the y-ray absorption level,
the luminosity of the respective non-thermal radiation process and hence the final spectral en-
ergy distribution due to non-thermal radiation can be estimated (more details can be found in del
Valle & Romero [60]).

B.4 VHE Analysis of selected Bow Shocks of Runaway Stars

Already in the 1980s massive stars with strong winds have been discussed to be y-ray sources
[399—-401]. With the detection of non-thermal emission from the bow shock of BD 43°3654 [59]
it is confirmed, that electrons can be accelerated to relativistic energies in the bow shocks of
massive stars. More recent models by del Valle and Romero [60] predict non-thermal emission of
bow shocks of runaway stars even up to TeV energies under the assumption, that the rich infrared
photon fields, locally generated by the heated dust in the shock front, provide sufficient target
material for inverse Compton interactions resulting in detectable y-ray fluxes. Figure B.4 shows
a spectral energy distribution (SED) for the most promising candidate { Ophiuchi, indicating that
this source might be detectable with the current generation of IACTs.

The key energy ranges to constrain possible acceleration mechanisms in bow shocks of runaway
stars are the high-energy (HE) and very-high-energy (VHE) regimes. A systematic search for HE
Y-ray emission based on Fermi-LAT data resulted in an upper limit catalogue [394]. Although no
HE y-ray emission originating from those bow shocks was found, a systematic search for VHE
Y-ray emission might be successful as the HE photons could be absorbed in the photon fields.
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Figure B.4: Predicted spectral energy distribution for the 09.5V star { Ophiuchi, assuming a distance of
222 pc, along with thermal data points from IRAS, non-thermal upper limits from VLA (Very Large Array)
and XMM-Newton and sensitivity curves of the current (red) and future (black) y-ray instruments Fermi,
MAGIC (Major Atmospheric Gamma-Ray Imaging Cherenkov Telescopes) and CTA. Figure taken from
[60].

B.4.1 Selection of Bow Shocks

The bow shocks presented in this work, are selected based on available H.E.S.S. observations
of those bow shock candidates listed in the second E-BOSS catalogue release. As most of the
bow shock candidates are located towards the Galactic plane (see Figure B.5), many of them got
observed serendipitously during the observations of the HGPS thus profiting from large exposure
times. In total 26 bow shock candidates got observed by H.E.S.S. between 2003 and 2014, for
which the analysis is presented in this work. The coordinates, distances, wind velocities and
mass-loss rates for the selected sample are listed in Table B.1.

All bow shocks are analysed analogous to the subsample of bow shocks that were used to study
the systematic uncertainties of a diverse data set (see Section 3.3.1 for more details). Due to
larger distances than 0.07° between the bow shock and the star, the bow shocks HIP 32067,
HIP 88652, HIP 92865, Star 1 and G 2 are analysed at the position of the bow shock. The po-
sitions are visually estimated based on publicly available WISE (Wide-field Infrared Survey Ex-
plorer) data, and the on region was increased to ®.,; = 0.1°. For HIP 32067, with a tabulated
bow shock length of 13/, the test region is increased to ®,; = 0.12°.

The significance of the y-ray emission for each bow shock is estimated using Equation 3.1.

Figure B.6 shows the significance distribution of all analysed bow shocks. None of the bow
shocks shows significant VHE y-ray emission in the energy range of ~ 300GeV to ~ 50 TeV
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Figure B.5: Spatial distribution of all bow-shock candidates of runaway stars listed in the second E-BOSS
catalogue release. Bow-shock candidates with H.E.S.S. exposure are highlighted in green. Bow shocks
marked in blue are included in the publication by the H.E.S.S. collaboration [10] but are not included in
this work (see text for more details). Sky map: Credit: NASA/DOE/Fermi-LAT Collaboration.

entries = 26
mean = 0.96
6 sigma =1.16

Figure B.6: Significance distribution for all analysed bow shocks. The distribution is following a gaussian
distribution with a sigma of ~ 1.2 and a mean of ~ 1.
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Table B.1: Selected bow shocks of runaway stars from the second E-BOSS cata-
logue release. ID, name of Star, distance d, wind velocity vying and mass-loss rate
M are given as listed in the second E-BOSS catalogue release. The coordinates of
the positions | and b denote the ones used for the analysis, which is not in all cases
equal to the coordinates listed in table 3 of the E-BOSS catalogue and Table 6 of
the second E-BOSS catalogue release [65, 385] (see text for details). The wind
velocity is taken from Peri et al. [385, 385]; brackets indicate values adopted from

stars with the same spectral type.

ID Star I b d Vwind M

[7] [ [pc] | [kmis] | 1070 M /lyr
EB8 HIP 25923 210.44 | —20.98 900 | [1000] 0.06
EB13 | HIP 32067 206.20 0.85 | 21174367 2960 0.13
EB15 | HIP 38430 243.16 0.36 900 | [2570] 0.70
EB17 | HIP 72510 318.77 2.77 350 | [2545] 0.27
EB18 | HIP 75095 322.68 0.91 800 | [1065] 0.14
EB23 | HIP 88652* 15.11 3.36 650 | [1535] 0.50
EB24 | HIP 92865* 41.75 3.41 350 | [1755] 0.04
EB32 | SER1** 264.78 1.54 - 250 0.03
EB33 | HIP 44368 263.10 3.90 | 19004200 1100 0.80
EB36 | SER2** 282.48 —2.46 - - -
EB40 | SER3** 286.46 —0.34 - 250 0.03
EB41 | J1117-6120 | 291.88 —0.50 7600 2600 0.60
EB42 | SER7** 347.15 2.36 - - -
EB43 | G4 352.57 2.11 1700 2550 0.50
EB44 | G2** 352.81 1.34 1700 2250 0.40
EB45 | G5 351.65 0.51 1700 2000 0.10
EB46 | G6 353.06 1.29 1700 | [1000] 0.10
EB47 | G8 353.16 1.05 1700 | [1500] 0.04
EB48 | G1 353.42 0.45 1700 2100 0.20
EB49 | G7 354.03 0.85 1700 | [1000] 0.10
EB50 | G3 353.30 0.08 1700 2000 0.40
EB51 | HIP 86768 18.70 11.60 737 [550] 0.03
EB52 | Star 1* 16.99 1.77 1800 2200 0.63
EB56 | BD -14 5040 16.89 —1.12 1800 400 0.03
EB57 | 4U 1907+09 43.74 0.47 4000 2900 0.70
EB58 | HIP 98418 71.60 2.90 529.1 2545 0.24

" The analysis was performed at the bow shock coordinates, see text for more details.
" Coordinates listed in the second E-BOSS catalogue release are the apex coordinates
of the bow shock and not from the star.
“ The distance uncertainty (listed here) is wrong in the second E-BOSS catalogue re-
lease (1900+0.1 pc), correct value listed here [66]: 1.94-0.2 kpc.
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and the distribution is approximately following a standard gaussian distribution. An analysis of
the sample with different selection cuts yields comparable result but with less constraining upper
limits due to higher energy thresholds and slightly worse sensitivities of the respective selection
cut. Upper limits are estimated and will be presented in Section B.4.3.

Mismatch of Coordinates in the second E-BOSS catalogue release

While writing this thesis, a mismatch in the coordinates listed in the second E-BOSS catalogue
release was found. The published coordinates in the second E-BOSS catalogue release are
inconsistent between Table 6 in the pdf version [65] and the corresponding online material'. The
authors of the second E-BOSS catalogue release are informed but the problem of the mismatch
has not yet been resolved during the time of writing the thesis. To make sure, that the conclu-
sions drawn in this work are not affected by supposedly wrong results due to analyses at wrong
coordinates, the affected bow shocks are discarded in this work. In total, six bow shocks are
affected (marked with a blue cross in Figure B.5, partly overlapping due to small distances).

As this mismatch in the coordinates was only detected after the H.E.S.S. publication on the VHE
Y-ray analysis of bow shocks of runaway stars, these bow shock candidates are included in the
H.E.S.S. publication [10], for which the analysis was performed based on the coordinates listed
in Table 6 of the pdf version of the second E-BOSS catalogue release.

B.4.2 Investigation of the Systematic Uncertainties

Due to the fact that the bow shocks of runaway stars were observed serendipitously, the data sets
cover a broad range of the observational parameter space. To ensure an unbiased estimation of
the flux upper limits, the systematic uncertainties of the H.E.S.S. experiment are evaluated. This
evaluation is done based on a subsample of bow shocks covering the most extreme values of
the observational parameter space. A detailed description is given in Section 3.3. The resulting
systematic uncertainties of 20% are adopted for all bow shocks of runaway stars.

However, the systematic population study can still be biased due to selection effects. First, the
catalogued candidates of bow shocks of runaway stars are selected based on the IR surveys
(mainly WISE, for further details see Section B.2). A selection bias in the IR surveys would
translate into a selection bias in the E-BOSS catalogue and hence into a selection bias in the
selected H.E.S.S. sample. Second, all bow shocks of runaway stars were only serendipitously
observed by H.E.S.S. with the deepest exposure towards the Galactic plane. The coverage with
H.E.S.S. exposure may introduce another selection bias in the selected sample. These selection
effects can only be reduced by an improved sky coverage and are not further considered here.

! http://vizier.u-strasbg. fr/viz-bin/VizieR-4
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B.4.3 Estimation of Upper Limits

As no y-ray emission towards the analysed bow shock candidates of runaway stars is detected,
upper limits are estimated and compared to model predictions. The upper limits are estimated
following the description in Section 3.1.8. Table B.2 lists the estimated upper limits for the
selected sample of bow shocks of runaway stars. The upper limits are estimated at a confi-
dence level of 95% by assuming a spectrum following a power law with spectral index I' = 2.5
and taking into account the estimated systematic uncertainty of 20% for all bow shocks. Dif-
ferential upper limits are estimated in five logarithmically equally spaced energy bins between
0.14 and 17.92 TeV, to have a connection between the lowest VHE 7y-ray upper limits to the HE
Y-ray model predictions. An integral upper limit is estimated in the energy range of 0.1 — 10 TeV,
to constrain the total power transferred to TeV y-rays. For a better comparison of the upper limits
relative to each other, the live-time (the observation time of H.E.S.S.) as well as the acceptance
corrected live-time (the observation time corrected for non-uniform acceptance profiles across
the camera field of view) in parentheses are also listed in the table.

Assuming different indices of ' = 2.0 and I" = 3.0 leads to marginal changes in the upper limits
of the order of 10% or less.

B.4.4 Constraining Model Predictions for Bow Shocks of Runaway Stars

A comparison of the upper limits to existing model predictions can either prove or constrain the
predictions. As there are no model predictions available for the bow shocks presented in this
work, the results are compared to four existing model predictions [59—-62], including the radio
detected source BD 43°3654. The models are motivated based on dedicated studies of the non-
thermal emission for the four objects BD 43°3654, { Ophiuchi, HIP 101186 and AE Aurigae. As
the bow shocks, investigated in this work, are spread over a large range of distances and do not
necessarily match the distance of the sources for which model predictions exist, the flux upper
limits are translated into luminosity upper limits using the listed distances from Table B.1 via
Equation 3.7.

Figure B.7 shows the comparison between the estimated luminosity upper limits of all bow
shocks with a given distance and the model predictions for the four bow shocks £ Ophiuchi,
BD 43°3654, AE Aurigae and HIP 101186. For three bow shocks of runaway stars investigated
in this work the VHE (= 400 GeV) y-ray luminosity is lower than the predicted non-thermal emis-
sion from BD 43°3654. All other bow shocks of runaway stars have estimated luminosity upper
limits for which none of the model predictions can be constrained.

To furthermore constrain the assumption of 10% of the kinetic energy being converted into non-



Table B.2: Flux upper limits (95% confidence-level) for the selected sample of bow shocks of runaway stars. Differential upper limits are estimated in 5 energy bands and an

integrated upper limit is estimated in the energy range of 0.1 — 10 TeV. ID, Star, (acceptance corrected) live-time and significance are listed as well.

ID Star Live-time | significance Upper limits dN /dE [10~ 2 TeV-Tem 257 1] Upper limits EZ dN /dE [10~ > TeVem 25~ 1]
(acc.-corr.) Energy bins [TeV] Energy range [TeV]

[h] [o] 0.14—0.37 | 0.37—-0.97 | 0.97—2.57 | 2.57—6.78 | 6.78 —17.92 0.1—10
EB8 | HIP 25923 9 (2.2) 1.06 1.84 0.88 0.74 0.71 2.39 10.05
EB13 | HIP 32067* 21 7 (9.4) -0.52 1.73 0.40 0.31 0.52 0.37 4.95
EB15 | HIP 38430 8(0.1) -0.03 86.84 5.73 3.46 9.45 90.38 37.65
EB17 | HIP 72510 128(2 4) 2.13 11.75 1.16 1.17 1.58 1.04 24.94
EB18 | HIP 75095 22. 5 (13.9) 1.02 1.98 0.25 0.17 0.32 0.39 4.39
EB23 | HIP 88652* 2 (2.5) 1.99 2.29 2.32 1.16 0.54 2.17 21.80
EB24 | HIP 92865* 9 (2.3) 0.56 7.26 0.77 0.63 1.72 1.01 12.67
EB32 | SER1** 0 (2.0) 1.88 2.94 1.10 0.61 0.44 1.14 12.95
EB33 | HIP 44368 9 (6.1) 1.92 2.43 0.93 0.35 0.30 0.83 10.41
EB36 | SER2** 15 7(7.9) 1.97 257 0.86 0.25 0.20 0.37 8.52
EB40 | SER3** 62.2 (29.0) 1.65 1.48 0.35 0.31 0.28 0.17 5.13
EB41 | J1117-6120 | 52.9 (32.3) -0.23 1.48 0.38 0.13 0.19 0.13 2.64
EB42 | SER7** 13 2(7.7) -0.54 1.02 0.28 0.29 0.31 0.59 3.43
EB43 | G4 8 (1.5) 0.53 2.60 0.49 0.33 0.35 117 6.39
EB44 | G2 20 9 (8.7) 0.01 0.86 0.34 0.25 0.30 0.69 3.88
EB45 | G5 28.0 (11.9) 1.25 0.70 0.33 0.17 0.19 0.31 4.07
EB46 | G6 30.1 (11.6) -0.12 0.51 0.20 0.16 0.21 0.36 2.23
EB47 | G8 34.9 (16.6) 35 0.72 0.49 0.36 0.26 0.18 6.75
EB48 | Gi 56.4 (31.1) 2.10 0.71 0.35 0.09 0.12 0.14 3.71
EB49 | G7 38.0 (20.5) 0.09 0.40 0.16 0.11 0.13 0.28 1.74
EB50 | G3 48.3 (29.9) 2.45 0.90 0.29 0.09 0.12 0.09 3.88
EB51 | HIP 86768 1.3 (0.4) -0.52 20.00 1.60 1.06 2.62 6.71 17.78
EB52 | Star 1* 20.6 (13.9) -0.06 0.85 0.20 0.20 0.17 0.32 253
EB56 | BD -14 5040 | 111.3 (73.2) 2.71 0.37 0.12 0.15 0.15 0.09 2.99
EB57 | 4U 1907+09 | 94. 2 (63 1) -0.76 0.72 0.12 0.08 0.09 0.19 1.38
EB58 | HIP 98418 1(3.0) 0.93 - 22.73 1.23 1.21 1.18 37.15

" The analysis was performed at the position of the bow shock, see text for more details.

" The adopted coordinates from the second E-BOSS catalogue release are given at the position of the bow shock.
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Figure B.7: VHE y-ray luminosity upper limits for 22 bow shocks of runaway stars with known distances.
The upper limits are compared to model predictions for four bow shocks (not part of the analysed sample).

thermal emission, the integral flux upper limits are compared to the available power in the bow
shock system. The upper limit on the power, that is transferred to VHE v rays is estimated via
Equation 3.7 after translating the integral flux upper limits in the energy range of 0.1 — 10 TeV
into integral energy flux upper limits via Equation 3.6.

The result is shown in Figure B.8 as the ratio of Py /Py as a function of the wind power. The
red horizontal line depicts 0.1% of the kinetic wind energy. All bow shock candidates constrain
the fraction of wind power converted into VHE y-rays. For three bow shocks of runaway stars
(4U 1907+09, HIP 72510 and Star 1) of the sample it is shown, that less than 0.1% of the wind
power is converted into VHE vy-rays. The majority of the sample constrains the fraction of the
wind power to be between 0.1-1%.

It should be noted, that the estimated wind power depicts the total power released in the wind

and does not consider the solid angle covered by the bow shock. Assuming the wind power to

2 with Qs being the

be emitted isotropically, only a fraction of the total wind power given by
solid angle covered by the bow shock, is available for particle acceleration in the vicinity of the
bow shock. The solid angles of the bow-shock sample range from ~0.25 sr to ~0.75sr. The
solid angle estimation is based on the morphologies of the bow shocks, that are extracted from
the published infra-red images by Peri et al. [65] and hence is just a rough estimation. Also no
density variation within the bow shocks is taken into account. After correcting the wind power for
the solid angle covered by the bow shocks, the fraction of wind energy being converted into VHE
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Figure B.8: Fraction of wind power, that is converted into VHE 7y-rays as a function of the wind power for

22 bow shock candidates with identified runaway stars. The red dotted line depicts the fraction of 0.1% of
the wind power being converted into VHE y-rays.

Y rays is still constrained to be < 0.1% by those three bow shocks of runaway stars.

B.5 Conclusion

In this thesis, the most comprehensive study of bow shocks of runaway stars in VHE vy rays is
presented. By considering the systematic uncertainties of the experiment, a mostly unbiased
estimation of the VHE v-ray fluxes for the diverse data sets is achieved. The study reveals
no evidence for VHE 7y-ray emission for all bow shocks in the sample and suggests that the
VHE vy-ray emission is below the flux level detectable by the current generation of IACTs. In
combination with the HE y-ray upper limits [394] and X-ray upper limits (i.e. [391, 392, 402]) the
theoretical models published by the time of writing this thesis (see Figure B.7 and references
therein) can be constrained.

There are several possible reasons for the overprediction of the VHE y-ray flux levels in the
models:

» Benaglia et al. [59] assumed for BD 43°3654 a mass-loss rate of 1.6 x 104 M /yr [403].
A detailed study on the mass-loss rate of O-type and early B-type runaway stars by Kobul-
nicky et al. [404] resulted in a mass-loss rate of ~ 2 x 107> M /yr for BD 43°3654, almost
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one order of magnitude lower compared to the assumed mass-loss rate by Benaglia et
al. As the density of the wind at the bow shock is proportional to the mass-loss rate, an
overestimation directly translates into an overestimation of the wind density at the bow
shock and hence into an overestimation of the density of accelerated particles producing
Y radiation.

» The particle acceleration in the bow shocks may be less efficient as assumed in the mod-
els. Toala et al. [392] discuss, that the injection efficiency of energy from the thermal
plasma to accelerate particles may be reduced due to the open morphology of the bow
shock unlike e.g. in SNRs [405].

» Terada et al. [406] discuss, that the magnetic field in the bow shocks of runaway stars
might be less turbulent as in PWNe or in SNRs as assumed in their model. If furthermore
the magnetic-field turbulence is generated by the accelerated protons themselves (as is
the case in SNRs), they conclude that the proton injection rate has to be smaller than in
SNRs.

« The maximum energy of the accelerated particles might be lower than assumed in the
model predictions leading to a lower maximum energy in the emitted y-ray spectrum.

» BD 43°3654 might be an exceptional bow shock of its runaway star exhibiting more ex-
treme physical properties as the other bow shocks of runaway stars. VHE y-ray observa-
tions of BD 43°3654 would be required to confirm or disprove BD 43°3654 to be indeed a
powerful VHE y-ray emitter.

The fraction of kinetic energy of the stellar wind power translated into VHE 7y-rays is constrained
to be less than 0.1% for three bow shocks of runaway stars of the sample.

After publishing the VHE y-ray results by the H.E.S.S. collaboration [10] del Valle & Pohl pub-
lished a revised model by taking the X-ray, HE and VHE y-ray flux upper limits into account [387].
The model is based on the assumption of electrons being accelerated through diffusive shock
acceleration leading to non-thermal emission via synchrotron radiation at radio and X-ray ener-
gies and to y-ray emission via inverse Compton up-scattering. This assumption is motivated by
the detection of non-thermal radio emission from the bow shock of the runaway star BD 43°3654,
that is expected to originate from synchrotron emission of relativistic electrons. For the calcula-
tions they consider a typical runaway star with typical stellar parameters. The model reveals that
a fraction of the wind energy of about ~ 10~* is converted into inverse Compton emission with
a peak emission at ~ 100 GeV and a maximum energy of ~ 1 TeV.

To compare the VHE upper limits presented in this work with the results from del Valle & Pohl,
the fraction of kinetic energy converted into y-rays with energies > 100 GeV (results of this work)
compared to the total energy radiated through inverse Compton has to be estimated. The esti-
mation of the total energy in y rays is done based on the spectral energy distribution published
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by del Valle & Pohl (see Figure 11 of the paper [387]). The fraction of kinetic energy converted
into ¥ rays with energies > 100 GeV is estimated to be < 2%. Furthermore, the presented VHE
Y-ray flux upper limits are translated into upper limits on the fraction of wind energy converted
into inverse Compton radiation, which are of the order of ~ 5 x 1072 - ~ 5 x 10~!. This is about
three orders of magnitude higher than the results published by del Valle & Pohl. Other y-ray
sources like PWNe are shown to exhibit TeV y-ray conversion efficiencies over a large range of
a few percent down to ~ 0.01% [407—-409].

To compare the acceleration efficiencies of bow shocks of runaway stars to other astrophysical
systems, the upper limits on the fraction of wind power being converted into inverse Compton
radiation are translated into upper limits on the conversion efficiency of the wind power into elec-
trons. del Valle & Pohl conclude (based on their model), that only < 0.4% of the injected power
in electrons is radiated with a roughly equal distribution to synchrotron and inverse Compton
emission. This leads to a conversion efficiency for kinetic energy in electrons into VHE 7 rays of
the order of a few percent. Under the assumption, that all bow shocks analysed in this work can
be described by the same model, the upper limits on the fraction of wind power converted into
inverse Compton radiation result in non-constraining upper limits on the conversion efficiencies
for electrons of the order of ~ 1000%. For novae, for example, where particles are expected to
be accelerated via diffusive shock acceleration [410] in a bow shock driven by the ejecta in the
ISM, Fermi observations revealed conversion efficiencies of <0.1% in case of a leptonic sce-
nario [411, 412].

Assuming the model predictions by del Valle & Pohl apply to all bow shocks of runaway stars,
IACTs with improved sensitivities of two to three orders of magnitude would be required for ei-
ther detecting VHE 7-ray emission from bow shocks of runaway stars or constraining their latest
model predictions. With an improved sensitivity by a factor of ten compared to the current gen-
eration of IACTs, even CTA [413] might not be able to detect VHE y-ray emission towards bow
shocks of runaway stars. However, the authors discuss scenarios of higher stellar velocities and
higher magnetic fields with the conclusion, that both factors would increase either the inverse
Compton emission or the maximum energy of the y-rays, respectively, leading to an increased
VHE 7-ray flux. Furthermore, the model by del Valle & Pohl is not able to reproduce the detected
non-thermal radio flux from the bow shock of the runaway star BD 43°3654, which seems to be
an exceptional bow shock, giving rise to the speculation, that CTA may indeed play an important
role for the understanding of the physical mechanisms in bow shocks of runaway stars.
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