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Abstract

Charged Cosmic Rays (CRs) reach the Earth from all directions and are not correlated
with the original source direction, due to deflection by intergalactic and Galactic mag-
netic fields. To find out what are their sources and which mechanisms are able to produce
these highly energetic particles, neutral messengers such as γ-rays have to be employed.
In this thesis, I analyzed archival MAGIC data of the Boomerang Supernova Remnant
(SNR) PeVatron candidate, G106.3+2.7, with a novel 3D analysis method using stan-
dardized data formats and open-source analysis tools. The source has a complex comet-
shaped structure and is commonly divided into a Head and Tail region, where the Head
region is associated to the pulsar PSR J2229+6114 and its Pulsar Wind Nebula (PWN)
G106.6+2.9. The 3D analysis technique is the most suitable method for extended-source
analyses and more precise than the approach that was previously chosen for a published
study by the MAGIC collaboration [76]. In the latter, G106.3+2.7 is found to exhibit
a clear energy-dependent morphology, with a multi-TeV signal from the Tail region and
indications for a related hadronic emission mechanism. First, I re-analyzed the dataset
with the standard analysis software of MAGIC, the MARS, confirming the results from
the paper. Then, I set up a 3D analysis pipeline including the computation of dedicated
Instrument Response Functions (IRFs), the generation of background models with the
open-source package pybkgmodel and the data reduction and modeling and fitting rou-
tines with gammapy. The pipeline was tested on the well-characterized Crab Nebula.
This enabled the identification of two distinct systematic effects: an asymmetric fea-
ture in the background significance histogram at low energies and a systematic shift of
the mean in the significance histograms of the background. The former of these could
be reduced as a consequence. The reasonable spectral results I obtained validated the
pipeline for usage on other sources. I find a Gaussian spatial model to be more probable
than a point-like model for the description of the Crab Nebula. I provide the most strin-
gent Upper Limit (UL) for extended emission of the Crab Nebula ever measured by the
MAGIC telescopes, with a value of σ = (0.0239 ± 0.0008) ◦. It is not only compatible
with previous measurements by the Fermi-LAT and H.E.S.S. experiments, but of the
same order of magnitude, suggesting that it is on the verge of a detection. Finally, I
report on the application of the 3D analysis pipeline to Boomerang SNR data. The mor-
phological results obtained for G106.3+2.7 in this thesis are predominantly confirming
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the findings of the previous publication, with a new hint at multi-TeV emission from the
Head region. The spectral results of the 3D double symmetric Gaussian fits indicate a
slightly harder index for the Head region than the 1D analysis of this work and the pub-
lished work, while the indices for the Tail region are all very consistent. Furthermore,
all spectral results are also in agreement with the related publication by MAGIC inside
uncertainty intervals. A comparison of the quality of different spatial models indicates
that the emission can reasonably be explained with two distinct symmetric Gaussian
emission regions, the Head and the Tail region, or with a single asymmetric Gaussian
region. The most important uncertainty in this analysis is introduced by the background
estimation and modeling, and it is discussed in detail. This work demonstrates that the
novel 3D analysis technique is developing into a powerful tool for the analysis of γ-ray
data in several ways. With dedicated 3D background models, it enables to perform the
analysis of complex emission regions with simultaneous spatial and spectral fitting and
possibly to detect the extension of nearly point-like sources below the angular resolution
limit of an instrument. Concluding, I offer several promising prospects of future research
along the lines of work treated in this thesis.
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Chapter 1

Introduction

Particle physics is a field dedicated to the study of fundamental particles and forces that
make up the matter and radiation from which our Universe is built. So far, the Standard
Model (SM) of particle physics is able to describe three of the four elementary forces,
known to us: the electromagnetic, the weak and the strong interactions. On Earth,
we are investigating the realm of the microcosm and probing the theory of the SM
with powerful particle accelerators, that are however limited in the reachable energy.
Although the Standard Model has proven to be successful in providing experimental
predictions on Earth, e. g., the prediction of the later discovered Higgs boson [62, 1], it
leaves some physical phenomena unexplained. It is thought that the SM acts as a low-
energy limit for a more general and complete theory of particle interactions. This more
fundamental model could manifest itself at energies above 1014 GeV [95]; energies which
will never be attainable in laboratories on Earth but can be observed in highly energetic
processes in the vast Universe. This is where astroparticle physics plays a central role,
linking the very small to the very large.

One of many definitions of astroparticle physics goes as follows: astroparticle physics,
like astrophysics, seeks to ascertain the nature of objects in our universe. However,
the techniques of these two fields and the measured messengers are distinct. While
astrophysics is mostly dealing with electromagnetic radiation, astroparticle physics is
concerned with the measurement of Cosmic Rays (CRs), neutrinos and γ-rays [95]. In the
broad domain of high-energy astroparticle physics, γ-rays have always been intimately
connected to CRs. The latter are highly energetic charged and stable particles, mostly
made up of protons and smaller percentages of heavy nuclei, electrons/positrons (e+/e−)
and antiparticles. These are called primary CRs, whereas secondary CRs also include
products of interaction and can therefore contain neutral particles, such as neutrinos
and γ-rays [95]. γ-rays are the most energetic photons of the electromagnetic spectrum,
starting around tens of MeV and extending up to a few PeV [29], as of current knowledge.
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CHAPTER 1. INTRODUCTION

The reason for the connection between CRs and γ-rays is simple: Accelerated in the
presence of strong magnetic fields in the environment of an astrophysical object, highly
energetic CRs emit γ-ray radiation.

More than 100 years after the discovery of CRs, attributed to Victor Hess in 1912 [61],
the production sites and acceleration mechanisms of highly energetic primary CRs are
still a major unsolved question. This is because, compared to γ-rays, they are not
carrying directional information any more when arriving at Earth, having been deviated
by magnetic fields while traveling. It is therefore a challenging task to identify sources
of CRs. To accomplish this, one first has to gain an understanding of the properties of
CRs, which will be done in the first part of chapter 2. The second part will explain how
the connection between CRs and γ-rays can be and has been exploited in this thesis,
introducing the field of γ-ray astronomy and its detection techniques. In chapter 3,
I will summarize the current knowledge about one potential CR accelerator that was
treated in the presented work, the Boomerang Supernova Remnant (SNR) G106.3+2.7.
The analysis of an extended Galactic source such as the mentioned SNR is a complex
undertaking. Thus, in chapter 4, I will carefully define the faced challenge and explain the
characteristics of the causing element, the background. Subsequently, the chapter will
offer possibilities to handle that difficulty, presenting the methodology and software tools
of the performed data analysis. In the main chapter of this thesis, chapter 5, I will report
about the principal lines of work: the development of a 3D and 1D analysis pipeline, its
test run on Crab Nebula data and its application to the Boomerang SNR. Results will
be discussed and compared with other approaches and previous measurements, referring
to G106.3+2.7 as a possible source of CRs. Finally, I will conclude with chapter 6 and
give an outlook on possible studies to be conducted in the future, to contribute to the
search for the origin of CRs.
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Chapter 2

γ-Ray Astronomy

This chapter will convey the basics of γ-ray astronomy, starting with an introduction of
the broader cosmic radiation from which the field is born. Then, I will introduce the
sources, physical mechanisms and detection techniques of γ-ray astronomy. In the end, I
will focus on one specific ground-based instrument: the Major Atmospheric Gamma-Ray
Imaging Cherenkov (MAGIC) telescopes.

2.1 Cosmic Rays

There is a close connection between charged CRs and γ-rays originating in space. It
lies in a shared origin. CRs accelerated in astrophysical environments of Galactic or
extragalactic type are the parent particles for the production of γ-rays via radiative
processes and particle interactions. Therefore, the properties of CRs and γ-rays are
strongly coupled and knowledge of either of the two can be used to derive information
about the other.

Since the discovery of CR radiation, attributed to Victor Hess in 1912 [61], the pro-
duction sites and acceleration mechanisms of highly energetic primary CRs are a major
unsolved question. As explained, this is because the charged primary CRs get deflected
by Galactic and intergalactic magnetic fields on the way to Earth and do not directly
point back to the source [95]. To solve the mystery of CRs and establish a link between
incoming particles and the setting from which they emerge, neutral messengers like γ-
rays or neutrinos are required. Since this work is concerned with γ-ray observations,
the focus will lie on them here. Although γ-rays can be attenuated or absorbed on the
way [95], they travel in a straight line and can reach our detectors carrying directional
information about their origin. Using the direct link between the properties of highly
energetic astrophysical photons and CRs, it becomes clear that measurements of γ-rays
at Earth can help to infer characteristics of possible CR accelerators. Ultimately, follow-
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2.1. COSMIC RAYS CHAPTER 2. γ-RAY ASTRONOMY

ing the described detour, information from neutral messengers is believed to lead back
to the origin of charged CRs.

The observed CR spectrum spans more than ten decades, extending up to several
1020 eV = 1011 GeV, as shown in Fig. 2.1. Measurements by numerous experiments are

Figure 2.1: The CR spectrum 2023. A collection of measurements of the CR flux arriving
at Earth, carried out by numerous experiments for high-energy astrophysics. The energy
is given in GeV, the flux in GeV m−2 s−1 sr−1. Spectra of individual components of
the primary and secondary CR flux, such as protons, antiprotons, electrons, positrons,
neutrinos, γ-rays, as well as the all-particle spectrum covering the whole range of energies
are plotted. The knee and the ankle are indicated with gray arrows and labeled. From
[42].
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shown, among which AMS-021, the Pierre Auger Observatory2, KASCADE3, IceCube4,
HAWC5, H.E.S.S.6, VERITAS7 and Fermi8. Some of these are able to distinguish the
incoming particle type and measure the contribution of only one component of the over-
all CR spectrum. For instance, the flux of protons, antiprotons, electrons and positrons
has been measured at energies between 1 GeV and 100 TeV, see Fig. 2.1. From there, it is
evident that protons are the dominant particle type of CRs. The so-called CR all-particle
spectrum corresponds to the spectral curve extending from low-energy measurements by
AMS-02 (dark green) to the high-energy data points from the Pierre Auger Observatory
(gray-blue) and the Telescope Array9 (dark red). Two prominent features, called the
knee and the ankle, according to their shapes, appear in the spectrum at several 1015 eV
(PeV) and several 1018 eV (EeV), respectively. At the knee, the spectral index of the
broken power law spectrum changes from ∼ 2.7 to ∼ 3.1 [95]. A definite physical ex-
planation for the breaks, supported by observations, does currently not exist, although
there are promising approaches. The two changes in the steepness of the power law
spectrum are thought to be transitions between different kinds of emitters. Above the
ankle the contributing sources are probably of extragalactic origin, as CRs of such high
energy are not confined in our galaxy and improbable to reach us from Galactic objects.
The knee on the other hand, could be explained by a population of Galactic CR emitters
reaching their maximum acceleration capability around 1015 eV. Such a Galactic source,
postulated to accelerate CRs up to PeV energies, is called a PeVatron source and it is
the type of source we are looking for in the quest for the origin of Galactic CRs [95].

Having introduced CRs and some of their properties, we can now have a look at the
current paradigm of potential PeVatron candidates. There are several good arguments
suggesting the SNR population of the Milky Way to represent at least a significant
fraction of the postulated PeVatron sources. SNRs are the shell-like leftovers of stellar
explosions, either triggered by the core collapse of a massive star or by a white dwarf
accreting material from a companion star and exceeding a critical mass limit, making it
unstable against collapse. The material ejected from the explosion is transported by an
expanding shock wave of high speed which propagates through the ambient medium [95].
It poses a suitable environment for particle acceleration in the first hundred to thousand
years, following the disruption [18]. The arguments for SNRs as PeVatron candidates
are the following:

• SNRs provide sufficient kinetic energy per explosion and a sufficient explosion
rate (a few per century in the whole galaxy) to sustain the energy budget of the

1https://ams02.space/
2https://www.auger.org/
3https://cr.iap.kit.edu/kascade/
4https://icecube.wisc.edu/
5https://www.hawc-observatory.org/
6https://www.mpi-hd.mpg.de/HESS/
7https://veritas.sao.arizona.edu/
8https://fermi.gsfc.nasa.gov/
9http://www.telescopearray.org/
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2.2. VERY-HIGH-ENERGY γ-RAYS CHAPTER 2. γ-RAY ASTRONOMY

observed CR flux. The latter has been observed to be stable over several decades.
This means that there has to exist a compensatory process to the loss of CRs due to
their escape out of the Milky Way via diffusion. The kinetic energy provided by the
shock waves of SNRs, created several times per century, is sufficient to accelerate
the amount of new particles necessary to keep the flux of CRs at Earth constant.
It is therefore realistic to assume that this could be the balancing process.

• Conditions for an effective acceleration mechanism of particles, the first-order
Fermi acceleration, are fulfilled inside of the expanding shock front of SNRs [95].
Fermi, in 1949, realized that particles can be accelerated by collisions with moving
clouds of gas [45]. The process is called second-order Fermi acceleration, due to
its quadratic dependence on the cloud velocity. Some years later he refined his
theory, and discovered a more efficient mechanism depending linearly on the cloud
velocity, the first-order Fermi acceleration [44]. Being related to the shock front of
astrophysical violent events, it is also called diffusive shock acceleration.

• With the given acceleration capabilities, the remnants have a maximum attainable
energy for accelerated protons around several hundred TeV, close to the knee of
the CR spectrum, as derived in section 6.4. of [95].

• The spectral index of the energy spectrum of particles accelerated within the frame-
work of the diffusive shock acceleration model can be estimated following the work
of Longair [74]. It was found that acceleration in SNR shock waves produces a
power law particle spectrum with spectral index ∼ 2. The latter is in agreement
with the measured CR spectrum.

A particular SNR and PeVatron candidate has been the topic of this master’s thesis
and will be introduced in chapter 3. Before, I will give an overview of the field of γ-ray
astronomy.

2.2 Very-High-Energy γ-Rays

γ-rays make up the most energetic part of the electromagnetic spectrum and are pro-
duced by various astrophysical sources that have enough power to accelerate particles
beyond the X-ray regime. They can roughly be divided into three different energy ranges:

• High-Energy (HE): tens of MeV to 100 GeV

• Very-High-Energy (VHE): 100 GeV to 100 TeV

• Ultra-High-Energy (UHE): above 100 TeV

This section is dedicated to the introduction of γ-ray emitting sources, ongoing produc-
tion mechanisms and the detection techniques employed by space-borne and ground-
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based detectors to directly and indirectly observe such sources.

2.2.1 Sources of Very-High-Energy γ-Rays

Generally, sources of VHE γ-rays can be divided into two categories: Galactic and ex-
tragalactic sources. Among the Galactic sources there are pulsars (fast-rotating neutron
stars) and their Pulsar Wind Nebulae (PWN), γ-ray binary systems (interacting binary
systems with a star and a heavy object, such as a neutron star or black hole) and SNRs.
SNRs are usually surrounding a pulsar or black hole, created during the supernova ex-
plosion, and featuring a slowly expanding shock front made of ejecta material from the
explosion. In the first thousands of years after a supernova, the developing remnant is a
suitable environment for particle acceleration and γ-ray production, before the density
of particles and their energy becomes too low for efficient γ-ray emission mechanisms
to take place [18]. The most abundant type of extragalactic sources seen in γ-rays are
various representatives of Active Galactic Nuclei (AGN). These are the center of galax-
ies, composed typically of a supermassive black hole and other material surrounding it,
structured in different elements such as the accretion disk and the powerful jets, mostly
oriented perpendicularly to the accretion plane [101, 27]. Based on the viewing angle
of the jet, AGN are classified into different subclasses, of which blazars are the most
prominent ones. Their jet is directly pointing towards Earth, rendering their detection
more favorable than representatives of other classes of AGN. Apart from that, there
are starburst galaxies and transient extragalactic events that can be observed by γ-ray
experiments, for instance the afterglow emission of a Gamma-Ray Burst (GRB).

2.2.2 Production of γ-Rays

In astrophysical source environments there are four main kinds of processes leading to
the production of γ-rays, each of them either of leptonic or hadronic nature, based on
the particle type emitting them:

• Synchrotron Radiation (a in Fig. 2.2): In the presence of a magnetic field
charged particles are accelerated on curved tracks and emit photons. This elec-
tromagnetic emission is called synchrotron radiation and is predominantly coming
from electrons in the environment of an astrophysical source.

• Bremsstrahlung (b in Fig. 2.2): Again predominantly emitted by electrons,
bremsstrahlung is produced when a charged particle interacts with the Coulomb
field of an atomic nucleus. For light particles, the emissivity of such electromag-
netic radiation is higher than for heavy particles, since the process’ efficiency is
inversely proportional to the mass squared of the particle.

• Inverse Compton (IC) scattering (c in Fig. 2.2): The diagram depicts an
up-scattering of a low-energy photon (for instance from the Cosmic Microwave
Background (CMB)) on a high-energy electron that was accelerated up to γ-ray
energies by accelerating processes in the source environment. This leptonic process
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2.2. VERY-HIGH-ENERGY γ-RAYS CHAPTER 2. γ-RAY ASTRONOMY

Figure 2.2: γ-ray production mechanisms of leptonic and hadronic nature. Synchrotron
radiation (a), bremsstrahlung (b), and the Inverse Compton effect (c) are predominantly
involving leptons, while the scattering of accelerated CRs on molecules in the ISM (d)
is a hadronic process. From [96].

is known as IC scattering and transforms kinetic energy of the electron into photon
energy of the γ-ray.

• π0-Decay (d in Fig. 2.2): VHE photons can also be produced via hadronic inter-
actions. Similar to electrons, a source with enough energy budget can accelerate
hadronic particles, mostly protons, to VHE energies. When these particles collide
with protons from the Interstellar Medium (ISM), such as found in cold molecular
clouds, hadron-nucleon or proton-proton (pp) interactions result in the creation of
charged (π+/π−) and neutral pions (π0). The neutral ones immediately decay into
two γ-ray photons of half the π0 energy.

2.2.3 Detection Principles

Fig. 2.3 gives an overview over the field of astroparticle physics. Produced at the source
or in the source environment, various messengers, such as CRs, γ-rays and neutrinos
(in blue, green and red in Fig. 2.3) travel towards the Earth. While traveling, charged
particles and γ-rays are subject to absorption and attenuation by dust clouds (in the
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source region or in the interstellar environment). Note that the crucial feature of γ-rays
(and neutrinos) is their neutrality. Missing charge accounts for their straight propagation
in space, undisturbed by the influence of intergalactic magnetic fields, compared to
charged CRs (see curved blue tracks in Fig. 2.3). Once reaching the Earth, particles
and light can be detected by dedicated instruments, located in space (satellites), on
the ground (Cherenkov telescopes or air shower arrays) or underground (large-volume
detector arrays). Apart from the various instrument designs, the section will introduce
the concept of Cherenkov radiation, and the imaging technique of a ground-based type
of detector referred to as Imaging Atmospheric Cherenkov Telescope (IACT).

telescope

Figure 2.3: Illustration summarizing the field of astroparticle physics. Produced at
the source or in the source environment, various messengers, such as CRs (blue), γ-rays
(green) and neutrinos (red) travel towards the Earth until they are detected by one of the
dedicated instruments, located in space (satellites), on the ground (Cherenkov telescopes
or air shower arrays) or underground (large-volume detector arrays). Charged particles
and γ-rays can be absorbed or attenuated by dust clouds in the source region or while
traveling to the Earth. In addition, CRs are deviated by intergalactic magnetic fields.
From [104].
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2.2. VERY-HIGH-ENERGY γ-RAYS CHAPTER 2. γ-RAY ASTRONOMY

2.2.3.1 Space-Based γ-Ray Astronomy

Direct interaction between a γ-ray and a detector (direct detection) is only possible if the
experiment is located in space, due to the absorption of γ-rays in Earth’s atmosphere.
Currently, the most impactful mission, is the satellite Fermi10 [17], hosting two instru-
ments on board with the Gamma-Ray Burst Monitor (GBM)11 and the Fermi Large
Area Telescope12 (Fermi-LAT). The former is dedicated to the discovery and study of
GRBs, whereas the latter executes a continuous monitoring program of the sky. Hereby,
the LAT is able to cover the whole sky in three hours due to its wide Field of View
(FoV) (equal to 20 % of the entire sky). γ-rays are detected inside the instrument in two
stages. The first is a precision converter-tracker, which triggers pair production of an
e+e− pair and reconstructs the shower particles’ path to extract directional information
about the photon; the second is a calorimeter for energy determination, surrounded by an
anti-coincidence detector to reject CR background events. The instruments sensitivity
spans the energy range from around 20 MeV to 300 GeV, establishing a link and overlap
region with the higher energy range of ground-based instruments for γ-ray astronomy.
Therefore, the two kinds of instruments play an important role in mutually confirming
and completing each others scientific findings.

2.2.3.2 Cherenkov Radiation

As visualized in Fig. 2.4, a charged particle moving in a dielectric medium temporarily
polarizes the medium molecules along its path. This can lead to the emission of an
electromagnetic (EM) type of radiation called Cherenkov radiation (bottom panels in
Fig. 2.4), discovered by Čerenkov (in English adapted to Cherenkov) [32], if the relation

v = βc > cmedium = c
n (2.1)

is fulfilled. v is the velocity of the particle, c is the speed of light in vacuum and
cmedium is the speed of light in a medium of refractive index n. In both scenarios,
surrounding molecules are polarized (top left and bottom left in Fig. 2.4) and generate
wavelets of electromagnetic dipole transitions (top right and bottom right in Fig. 2.4)
when returning to their original state. However, in the bottom setup, the single wavelets
interfere constructively and create a wavefront that leads to the emission of Cherenkov
radiation. Due to the geometric properties of the polarization propagation, it is emitted
only under a specific angle θ and propagates in form of a conical-shaped wavefront
(bottom right panel in Fig. 2.4). Cherenkov radiation lies in the blue and Ultraviolet
(UV) regime of the spectrum.

10https://fermi.gsfc.nasa.gov/
11https://gammaray.nsstc.nasa.gov/gbm/
12https://glast.sites.stanford.edu/
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Figure 2.4: A charged particle moving inside a dielectric medium. Top panels display the
particle’s passage with a velocity smaller than the phase velocity of light in the medium
v < cmedium. Bottom panels show the complementary case with v > cmedium. From [92].

2.2.3.3 Ground-Based γ-Ray Astronomy

Above 100 GeV, the γ-ray flux decreases rapidly and makes large detector volumes nec-
essary for a detection, larger than volumes that can be accommodated on satellites
nowadays. Hence, γ-rays can be detected by space-based experiments only up to cer-
tain energies. Beyond that, the atmosphere itself, opaque to γ-rays due to its absorbing
properties, can be used as a detector volume and instruments become ground-based,
relying on indirect detection methods.

If not detected in space, VHE photons as well as incoming relativistic CR particles
interact with molecules in Earth’s atmosphere and initiate a cascade of processes, thereby
producing further particles and radiation [50, 51]. The multiplication of particles ends
when the individual energy of the particles reaches a critical value. Any such air shower
is generally referred to as Extensive Air Shower (EAS). Based on the nature of the
primary particle, and by consequence the properties of the shower, EAS are differentiated
into electromagnetic showers (initiated by γ-rays or electrons/positrons) and hadronic
showers (initiated by protons or heavier nuclei), as depicted in Fig. 2.5. The left particle
avalanche in Fig. 2.5 is induced by a γ-ray and grows to a shower of electrons/positrons
and γ-rays through pair production of e+/e− and emission of bremsstrahlung by the
leptons. The shower is approximately of ellipsoidal shaped. In the second case (right in
Fig. 2.5), the participating particles and processes are more variegated. The initiating
particle is a CR, for instance a proton, α-particle, or other heavy nucleus. The secondary
products include particles of the same type, as well as muons, pions and Electromagnetic
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Figure 2.5: Illustration of an EM (left) and a hadronic (right) air shower, induced by a
γ-ray and CR, respectively. In the first case the particle avalanche of electrons/positrons
and γ-rays is initiated by a γ-ray or electron and grows through pair production of e+/e−

and emission of bremsstrahlung by the leptons. In the second case, where the diversity
of participating particles and processes is larger, the initiating particle can be any CR,
including protons, α-particles, or other heavy nuclei. The secondary products are of the
same particle type, as well as muons, pions and through π0-decay into two γ-rays also
EM subshowers. From [103].

(EM) subshowers from π0-decays. The hadronic shower is characterized by a large lateral
extension due to the transmission of transverse momentum of particles through collisions.
It has a less regular shape as an EM shower.

Due to the very energetic primary γ-rays or particles, secondary products of interactions
in the shower receive enough kinetic energy to exceed the phase velocity of light in air
and produce the aforementioned Cherenkov radiation. This essential process enables
indirect observations of γ-rays by IACTs and is also employed by EAS arrays, e. g.,
Water Cherenkov Detectors (WCDs). For an EM shower, the individual ring-shaped
emission of Cherenkov light by single leptonic particles superposes to generate a circular
light pool on Earth’s surface. How IACTs, located inside the cone of light, can image
the Cherenkov flashes of showers will be explained in the next section.

Compared to IACTs, EAS array experiments are able to directly intercept the particles of
the shower, due to their placement at high-altitudes (∼ 4000 m a.s.l.). WCDs, consisting
of large volumes of purified water, provide a medium for the generation of Cherenkov
light by charged particles of EAS and its subsequent detection. Among the currently
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active EAS arrays, there are the High Altitude Water Cherenkov (HAWC)13 [93] and
Large High Altitude Air Shower Observatory (LHAASO)14 [28] detectors. Both of them
have studied the source of interest of this thesis, the Boomerang SNR, as we will see in
chapter 3. The future Southern Wide-Field Gamma-Ray Observatory (SWGO)15 [9] will
further push current limits of sensitivity and make accessible new parts of the sky as seen
by WCDs, being the first large-sized EAS array projected for the Southern hemisphere
of the Earth [65]. SWGO will cover an area of 220, 000 m2, corresponding to ten times
the surface operated by HAWC.

At present, there are also three major IACT arrays in operation:

• The Very Energetic Radiation Imaging Telescope Array System (VERITAS)16 [106]
is an array of four 12 m telescopes, located at the Fred Lawrence Whipple Obser-
vatory in Arizona, USA. Its most sensitive energy band spans from 100 GeV to
10 TeV, while its FoV is 3.5 ◦ wide.

• The High-Energy Stereoscopic System (H.E.S.S.)17 [64] comprises five telescopes
of two different sizes and mirror dish shapes, stationed in Namibia, Africa. The
original four IACTs have hexagonal mirror dishes and measure 12 m in diameter,
while the more recently integrated central rectangular reflector has an equivalent
circular diameter of 28 m. They have FoVs of 5 ◦ and 3.2 ◦, respectively.

• MAGIC provided the data for the presented work and will be introduced in sec-
tion 2.3.

The future of Cherenkov telescopes is represented by the next-generation Cherenkov
Telescope Array Observatory (CTAO)18 [34], the northern array (CTAO-North) of which
is starting to be deployed at its site in La Palma, a few meters from the MAGIC telescope
site. It will be completed by a second array in the southern hemisphere (CTAO-South).

2.2.3.4 Imaging Technique of IACTs

The imaging technique of IACTs has its roots in a first investigation by Galbraith and
Jelley in 1953 [52]. They discovered the potential of this method, installing a single
Photomultiplier Tube (PMT) above a parabolic mirror and measuring a correlation
between the signal from light pulses and incoming CRs. After that and until the first
detection of a source by the Whipple telescope located in Arizona [105], more than three
decades passed, in which the technique was explored and improved.

13https://www.hawc-observatory.org/
14http://english.ihep.cas.cn/lhaaso/
15https://www.swgo.org/
16https://veritas.sao.arizona.edu/
17https://www.mpi-hd.mpg.de/hfm/HESS/
18https://www.ctao.org/
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As illustrated in Fig. 2.6, an IACT with its reflector dish and PMT camera, images both
EM (label 1, 2 and 3 in Fig. 2.6) and hadronic showers (label 0 in Fig. 2.6), seen via
their emitted Cherenkov radiation. While EM cascades have regular elliptical (2 and 3
in Fig. 2.6) or circular (1 in Fig. 2.6) shapes in the imaging camera, hadronic cascades of
particles exhibit more complex irregular shapes (0 in Fig. 2.6), typically characterized by
patches of different size and intensity. The precise shape and orientation of the shower
image is based on the viewing angle under which the shower is seen by the IACT. A
circular light spot (1 in Fig. 2.6) is detected by the camera if the shower development
(dashed blue line in Fig. 2.6) happens on the optical axis of the telescope. In the case
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Figure 2.6: Schematization of the imaging technique of IACTs. γ-ray showers (1, 2, 3),
developing inside the FoV of a Cherenkov telescope, cause regular elliptical patterns in
the pixelised PMT camera. CR showers (0) produce patched irregular images, due to
the numerous EM subshowers and the involved muonic particles. The image patterns of
the four shower examples are represented by orange shapes in the camera, and labeled
accordingly. From [84].
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of a development parallel to the optical axis, the recorded light pool has an elliptical
pattern and a major axis (dashed brown line in the camera image of Fig. 2.6) crossing
the camera center (2 in Fig. 2.6). For a misaligned shower axis (3 in Fig. 2.6), the
elliptical image is oriented in such a way for its principal axis to not intercept the center
of the detector. Due to the above explained geometry of the imaging technique, the
major axis of an elliptical shower image points back to the sky location of the γ-ray
emitting source inside the camera FoV. IACTs typically observe in the stereoscopic
mode. If the Cherenkov light pool of an EAS shower hits the entire IACT array, several
telescopes record the same Cherenkov flash from different viewing angles. Combining
the multiple recorded shower images, one can estimate the directional origin of the γ-ray.
It corresponds to the interception point of the major axes of the shower, in the case of
MAGIC seen by two telescopes. This is called stereoscopic direction reconstruction and
employs an image parametrization technique called Hillas parametrization, introduced
by Hillas [63]. It defines a set of geometrical quantities to characterize the elliptical
shower images, the most important ones of which are listed here:

• Size: Total charge content of a shower in number of photoelectrons.

• Length and width: Indicators of Root Mean Square (RMS) spread of the signal
parallel and perpendicular to the cluster major axis.

• Center of Gravity (CoG): Centroid position of the weighted mean signal in the
camera.

• Distance: Distance of the CoG to the expected source position in the detector
FoV.

Given that the Hillas parameters on average differ for γ-ray- and hadron-induced shower
images, they are also used as a major indicator for γ/hadron separation (see section 4.3.1).

2.3 The MAGIC Telescopes

The Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC) telescopes (MAGIC 1
and MAGIC 2) are two IACTs with a diameter of 17 m each, based at the Observatorio
del Roque de los Muchachos (ORM) at ∼ 2200 m altitude on the Canary Island of La
Palma, Spain (see Fig. 2.7). While the initial design report for an array of two IACTs
dates back to 1998 [20], the first telescope was commissioned in 2003. MAGIC 1 (M1)
carried out scientific observations in standalone mode (mono mode) until 2009. After
that, MAGIC 2 (M2), assembled 85 m apart from M1, started operating and the system
was ready for the stereoscopic mode of scientific observations [13]. In 2011 and 2012, it
underwent a major revision involving the camera and trigger of M1 and the full readout
system, upgrading the performance and unifying the components of the telescopes [14].
The MAGIC telescopes operate between tens of GeV and tens of TeV, reaching a lower
energy threshold of 50 GeV [15]. The following section is dedicated to a description of
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the hardware components and the data taking mode of MAGIC.

2.3.1 Hardware

The MAGIC 1 and MAGIC 2 telescopes both rely on an Alt/Az mount, consisting of a
steal base structure for stability and a rail system for positioning the telescopes with a
pointing accuracy of < 0.02 ◦ [24]. The segmented 17 m reflector dish of each telescope
is installed on a light-weight support frame, made of carbon-fiber tubes and therefore
weighing only ∼ 5.5 t. 247 individual square spherical-curved tiles measuring 1 m2 make
up the tessellated parabolic mirror, resulting in a focal length f equal to the diameter
D = f = 17 m. Each of the segments is mounted on three fastening points, of which one
is fixed and two are movable actuators featuring step motors to focus the mirror segment
to its assigned position in the camera. The Active Mirror Control (AMC) subsystem
[22] acts on these individual motors to focus the telescope on a whole and counteract
the weight-induced zenith-dependent deformation of the carbon-fiber structure during

Figure 2.7: The two Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC)
telescopes, on site at around ∼ 2200 m altitude on the Canary Island of La Palma. They
represent one of the three worldwide currently operative IACT arrays. Each telescope
features a reflector dish of 17 m diameter, supported by a light-weight structure and
connected to a PMT-based camera via an arc. Photo from https://magic.mpp.mpg.
de/gallery/pictures/tn/IMG_2520.JPG.html.
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the telescope movement.

In the focal point of the reflector sits the camera of approximately circular shape (see
Fig. 2.8) with a FoV of 3.5 ◦. It is composed of 1039 individual Photomultiplier Tube
(PMT) pixels that are grouped in clusters of seven (see thick black lines in Fig. 2.8),
enclosed by an aluminum housing. To entirely fill the camera plane, each of the round
PMTs is equipped with a hexagonal light-guiding Winston cone. Moreover, this has
the advantageous effect of suppression of stray light during observations. The camera’s
total weight measures ∼ 850 kg and it is held in position by an aluminum arc. The
latter is completed by another 180 ◦ arc behind the structure, acting as a rail for the
altitude movement and powered by a central motor below the reflector dish. Steel cables
connecting the camera to the dish structure stabilize the construction.

Conclusively summing the individual components’ weight, one telescope weighs less than
70 t. Therefore, MAGIC can perform a rotation of 180 ◦ in azimuth in less than ∼ 25 s,
which was projected and realized with the intention of enabling fast repositioning of the
telescopes to catch the emission of short-duration transient events such as GRBs. 15
years after the construction of M1, the first event of such nature was incontrovertibly
detected when MAGIC observed significant TeV emission of GRB 190114C [80, 75].
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Figure 2.8: Layout of the circular-shaped PMT
camera of MAGIC, constructed from 1039 individ-
ual round PMTs. The PMTs are vested with hexag-
onal light-guiding Winston cones to maximize the
light collection area by filling the whole camera
plane. They are grouped in clusters of seven (thick
black hexagons). The hexagonal region enclosed by
the purple pixels is the trigger region. Inside it,
there are 19 overlapping macrocells (cyan hexan-
gons), each of which contains 37 pixels. Pixels be-
longing to two (three) macrocells are highlighted in
green (red). From [14].

In order to reject spurious events from the Night Sky Background (NSB) (stars, the
Moon, and other natural or artificial light sources) the readout electronics of the exper-
iment are equipped with three levels of trigger [14]:

• Level 0 Trigger (L0): An L0 is issued, when the signal in a single PMT ex-
ceeds a (programmable) Discriminator Threshold (DT). The default DT is ∼
5 photoelectrons for extragalactic sources and scaled up by 15 % for Galactic sources
[14]. The event rate for this trigger level is ∼ 800 kHz.

• Level 1 Trigger (L1): The L1 evaluates the signal of n compact Next Neighbor
(NN) pixels on a grid of 19 overlapping macrocells (see Fig. 2.8), and triggers

21



2.3. THE MAGIC TELESCOPES CHAPTER 2. γ-RAY ASTRONOMY

if it finds an L0 for all n neighbors. During standard stereo observations, the
trigger operates with 3NN multiplicity, although 2NN and 4NN (for mono mode
observations) are also implemented. The typical rate is reduced to ∼ 15 kHz [14].

• Level 3 Trigger (L3): The stereoscopic L3 takes as input the L1 of both telescopes,
expands the signal time windows to 100 ns width and delays them, based on the
changing telescope pointing, in order to match the events recorded by M1 and M2.
If the search for a coincident signal is successful, the readout is activated and saves
the corresponding event. This final readout trigger happens at a rate of ∼ 250 -
350 Hz [14].

During offline analysis the trigger rates recorded for each observation run can be used to
apply a selective cut on the data, based on expected rates. Thus, data strongly affected
by moon light or including accidental triggers, e. g., from car flashes19 can be rejected.

A Domino Ring Sampler 4 (DRS4) chip represents the core element of the MAGIC
readout system (specifications can be found in [94, 23]). It is a ring buffer with a cycle
of ∼ 200 ns storing PMT pulses in an analogue memory with a sampling frequency of
1.64 GSample/s. Only in case of an issued L3 trigger the memory is read out and the
corresponding event is saved before being overwritten by the ring sampler. The dead
time of the readout after the upgrade in 2012 is 27 µs [14]. The offline analysis chain
of MAGIC (see section 4.3.3) applies a correction for that dead time, calculating the
effective observation time.

The operating system of MAGIC also comprises several subsystems, of which one will
be mentioned here for later reference:

• The LIght Detection And Ranging system (LIDAR) [47] is a 60 cm optical reflector
telescope with an integrated laser, operated simultaneously to stereoscopic obser-
vations. Following the pointing direction of MAGIC while shooting, the laser light
back scatters on aerosols and air molecules in the atmosphere and is redetected
by the LIDAR’s camera sensor. By this means, the atmospheric absorption and
scattering effects affecting both the back-scattered laser light and the Cherenkov
light from EAS can be quantified with a transmission value. The transmission
measurements can be used to select good quality data and improve the energy
reconstruction of the primary γ-rays.

2.3.2 Data Taking

Initially, IACTs were conducting observations exclusively in ON/OFF mode. It des-
ignates a strategy in which data is acquired pointing directly to the source (ON) and
additionally pointing to a source-free region in the sky (OFF), from which the back-

19With car flashes, we refer to temporary strong increases of the trigger rates due to the (partly)
illumination of telescope camera or reflector plane by cars passing by the ORM site during night.
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ground rate can be determined. Observation times of ON and OFF should be similar in
duration. The ON/OFF mode holds the risk to record data with non-matching observ-
ing conditions and loose the ability to correctly estimate the background. Additionally,
a fundamental disadvantage of such an approach is the significant loss of observation
time during OFF data taking, that could be spent on VHE sources. Especially intervals
of so-called dark time, where the moon is absent, represent valuable observation time
for the detection of the faint Cherenkov flashes from γ-rays. Today, the method has
largely been replaced by wobble mode observations (see Fig. 2.9), also implemented by
the MAGIC telescopes. During data taking the stereoscopic system is centered on a
sky location offset from the expected source position (by ∼ 0.4 ◦ during standard obser-
vations) and changing wobble position after each run of 20 min duration. On the left
side of Fig. 2.9, the pattern of observations generated by wobbling around the source
(black star) is shown for the case of four wobble positions (W1, W2, W3 and W4), in-
dicated along with the respective FoVs. The corresponding wobble angles are 0 ◦, 180 ◦,
90 ◦ and 270 ◦. To give an example for later reference, a wobble position that is offset
from the source by 0.5 ◦ and has a wobble angle of 270 ◦ can be written in the notation
W0.50+270. The new strategy eliminates the need for dedicated OFF observations, as
it leaves half of the camera without source for simultaneous background estimation. On
the right panel of Fig. 2.9, three OFF regions on the source-free part of the FoV are indi-

Figure 2.9: Visualizations of the strategy of wobble mode observations. Left: The source
sits at the position of the black star inside the coordinate field. Four symmetric wobble
positions around it are marked with green (W1), yellow (W2), red (W3) and blue (W4)
crosses along with the correspondingly colored FoVs of MAGIC. From [78]. Right: Sky
map with a single run of observations of the blazar Mkr421 in an energy range from
251 GeV to 398 GeV. The yellow cross indicates the pointing position in wobble mode for
that run. The respective ON (red) and OFF (blue) regions are superposed with circles
at a certain offset from the pointing. Credit: C. Nigro.
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cated with blue circles, while the ON region, containing the source counts from a single
wobble run, is shown in red. The wobble mode ensures that the background is estimated
from observations taken under the same atmospheric and instrumental conditions. In
the right panel of Fig. 2.9, the position of the source and therefore the ON and OFF
regions will rotate around the pointing position (yellow cross). This way the background
is sampled from all sections of the camera and systematic effects due to inhomogeneities
in the camera are smeared out.
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Chapter 3

The Boomerang Supernova
Remnant G106.3+2.7

The Boomerang SNR G106.3+2.7 is the residue of a Galactic supernova explosion, lo-
cated in the constellation of Cepheus in the northern sky. It covers around 60′ × 24′

with a complex comet-shaped structure featuring two distinct regions, today commonly
called the Head and Tail region. A composite image of the source is displayed in Fig. 3.1.
It shows a 1420 MHz radio temperature brightness map as presented in [89], extracted
from the observations of the Canadian Galactic Plane Survey (CGPS) [99] made avail-
able at the Canadian Astronomy Data Centre1. The Head and Tail regions, enclosed
by green dashed lines and labeled, are distinguishable by high and low surface bright-
ness in the 1420 MHz radio continuum. The remnant is associated with the pulsar PSR
J2229+6114 and its PWN, the Boomerang PWN G106.6+2.9, which are both located
at the far north-eastern edge of the complex and marked with a green cross and a green
dashed circle in Fig. 3.1, respectively. In addition, emission centroids of the HE and
VHE emission measured by the Fermi-LAT [107], HAWC [10] and LHAASO [29] as well
as the extended emission region observed by VERITAS [5] are superimposed and labeled
accordingly.

The first ever mention of G106.3+2.7 can be found in an article of 1990 by Joncas and
Higgs [66]. They described the source in the following way:

G106.30+2.76: This object seems to consist of two "lobes" of irregular
outline and was initially thought to be a normal HII region. The discovery
that it had no associated infrared emission prompted an analysis of the survey
data of Kallas and Reich (1980) in order to determine the flux density at
1420 MHz. The value found, 4.69 ± 0.014 Jy, indicates a spectral index of

1https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
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0.45 ± 0.05. Again, this object appears to be a supernova remnant that has
previously been undetected. It is of large angular size and high-resolution
observations would be very worthwhile.

The short record names several of the characterizing properties of this source for the
first time, e. g., the double-component structure, the large angular extension and its
probable nature as a SNR without a counterpart in the Infrared (IR). The discovery
was made as part of a survey of the northern Galactic plane carried out at 408 MHz
(74 cm) with the Canadian Dominion Radio Astronomical Observatory (DRAO). While
this was the first time it was listed, it had actually been mapped by Kallas and Reich
in the 1420 MHz (21 cm) radio continuum with the Effelsberg 100 m radio telescope ten
years prior to its detection [67]. At that time the Boomerang SNR was not identified,
because the publication focused on structures with an angular size smaller than 30 ′,
whereas G106.3+2.7 has a maximum extension of around 1 ◦ along its major axis. As
stated in the quote, the 1420 MHz observations by the Effelsberg telescope have also
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Figure 3.1: Multi-wavelength view of the of the Boomerang SNR G106.3+2.7. Colors
indicate levels of the 1420 MHz radio temperature brightness [K] from archival CGPS
data. Head and Tail region are marked with green dashed lines and labeled, as well as the
Boomerang PWN at the north-eastern edge of the complex. The pulsar PSR J2229+6114
is located at the green cross. The map is superimposed with several emission centroids
of γ-ray observations by HAWC, LHAASO, Fermi-LAT and VERITAS. From [89].
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been used to complement the investigation presented in [66]. Fig. 3.2 shows the first
depiction of the source from 1980 [67] (elongated structure in the top right corner of the
field) and the map related to its detection from 1990 [66] (elongated structure located
to the right of the center). Both images display the spatially elongated source shape
with a rather modest angular resolution, compared to later measurements. The double-
component nature in the radio regime, hypothesized by [66], was confirmed by another
survey carried out with the Effelsberg telescope at 2695 MHz (11 cm) [49].

Figure 3.2: Earliest radio maps of the Boomerang SNR. Left: First image of the remnant
from a 1980 survey at 1420 MHz carried out with the Effelsberg telescope. The elongated
structure in the top right corner of the field was discarded due to a maximum extension
selection criterion. From [67]. Right: Image of detection of the remnant from a 1990
survey at 408 MHz carried out with the DRAO. The elongated SNR is visible to the
right of the field center, composed of two lobes. From [66].

The first dedicated study was done some years later by Pineault and Joncas [88], again
using one of the radio telescopes of the DRAO, the Synthesis Telescope (ST). They
observed the Boomerang SNR in the continuum both at 408 and 1420 MHz. Additionally,
they carried out 21 cm line observations of neutral hydrogen (HI), thereby providing
neutral hydrogen spectral information and HI channel maps. With their data, they were
able to confirm the general morphology and spectral index of the object, supporting
the theory that it is an SNR. Moreover the absence of significant IR emission related
to the complex is affirmed. Pineault and Joncas derive a maximum kinematic distance
of 12 kpc from the 408 MHz flux. According to them, the source is consistent with an
shell-type SNR in the late phases of its isothermal evolution, considering the determined
properties. The reader can consult [91, 18] for more details about the evolution of SNRs.
The authors of [88] use the term "boomerang-like shape" to describe a compact feature
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located at the north-eastern corner of the elongated radio emission region. They mention
that it could be an extragalactic object of type radio galaxy, but note that the spectral
index does not differ much from the rest of the SNR complex. At this point unknown,
the feature was later associated to the PWN G106.6+2.9, dubbed Boomerang PWN due
to its boomerang-like shape.

In 2001, Halpern et al. were the first to bring X-ray and γ-ray data into the picture
of the Boomerang complex [57]. They explored the possibility of an association of
the γ-ray source 3EG J2227+6122 from the third Energetic Gamma Ray Experiment
Telescope (EGRET) catalog [59] with counterparts in the radio and X-ray regime. To
this end, they took archival and dedicated radio, optical and X-ray data from several
instruments and discussed possible associations and related implications for the nature
of the source. Inside of the 95 % error circle of 3EG J2227+6122, the authors found the
radio shell V2229.0+6114 and a point-like X-ray counterpart RX/AX J2229.0+6114 to
be the only feasible counterparts. The possibility of the radio source being an HII region
was found to be very unlikely, due to the high degree of linear polarization throughout
the radio shell, the absence of Hα emission, and the absence of a star able to excite
the ambient medium and provoke that emission. Due to the large X-ray measured
column density of hydrogen, a distance of ∼ 3 kpc is estimated. A scenario in which
RX/AX J2229.0+6114 is not related to the radio source and instead consistent with an
extragalactic or distant Galactic object is not ruled out but disfavored, also because of
a missing optical counterpart. On the whole, the paper concludes that an association
of the three sources is more likely than unlikely, where RX/AX J2229.0+6114 would be
an energetic X-ray pulsar counterpart of 3EG J2227+6122 and V2229.0+6114 a linked
nebula powered by the pulsar. The possibility of a bow-shock nebula [26] compared to
a nebula driven by the pulsar wind [87] is investigated but not conclusive.

While the search for an X-ray pulsation was without results in [57], the second paper
by Halpern et al. was already in preparation and shortly after reported the detection of
pulsed emission in the radio and X-ray range [58]. The study established the EGRET
source to likely be a pulsar and the surrounding radio and X-ray emission as originating
from a PWN, assigning the catalog name G106.6+2.9 to it. The measured pulsation
period of 51.6 ms was discovered at 1412 MHz and subsequently found in archival X-ray
data. A characteristic age of the pulsar of 10 kyr was derived.

In the same year, Kothes et al. were the first to do a combined review of the entire
region containing the SNR, the pulsar and the related nebula [69]. They suggested
that these elements are resulting from the same supernova explosion. The paper also
provides the highest resolution radio maps of the Boomerang SNR and PWN so far.
The authors present and discuss a scenario for the formation of the complex, supporting
it with additional neutral hydrogen and carbon monoxide (12CO) observations around
the region. In the obtained maps (combined in Fig. 3.3), it is visible that the Head
region seems to be wrapped in dense HI material to the east and could be created by
the interaction of the shock wave of the explosion with this dense gas. The expansion
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of the Tail region into the western direction can be explained with an outbreak of the
expanding shock wave into a large HI bubble, visible in Fig. 3.3 as a circular region of
low density open towards the south. Cold molecular material (12CO) is detected to the
northern and eastern edge of the HI bubble, as well as coinciding with the Tail region for
radial velocities > −6 km s−1 in Fig. 4 of [69]. The latter opens up scenarios for hadronic
γ-ray production in the Tail region, since the molecular 12CO poses a target material
for pp interactions driven by accelerated protons from a shock wave hitting the cold
cloud. From the radial velocities of the atomic hydrogen and the molecules a distance
of 800 pc is derived, in conflict with previous measurements of several kpc. Again, a
bow-shock nebula scenario is investigated, however confirming previous indications that
the scenario is less probable than a PWN. A deeper study of the Boomerang PWN’s
polarization properties and magnetic field structure is presented in [68].

The era of ground-based γ-ray experiments started in the first years of the 21st century.
The Milagro γ-ray observatory was the first to measure a hint of multi-TeV emission
at 20 TeV from a candidate region thereupon named MGRO C4, coincident with the
Boomerang complex [2]. This was confirmed with an 8-year dataset of the same experi-
ment [4], focusing on the search for counterparts to Galactic entries of the Fermi Bright
Source List. It lead to a significant detection of emission around 35 TeV at the level of
6.8 σ. The related Fermi source is 0FGL J2229.0+6114. The position error (∼ 0.36stat

◦)
of the maximum excess and angular resolution (∼ 1 ◦) of Milagro do not allow tracing
back the TeV emission to a certain part of the Boomerang SNR, although the publication
states that the emission centroid is close to PSR J2229+6114 with a signal of 6.6 σ at
the pulsar position.

In 2009, the detection of extended VHE γ-ray emission from G106.3+2.7 in the energy
range from 900 GeV to 16 TeV was reported by VERITAS [5]. VERITAS was able to
measure a source (VER J2227+608) with an extension of around 0.6 ◦ × 0.4 ◦ and found
that the peak VHE emission is well compatible with the cold molecular cloud situated
in the Tail region. A powerlaw spectrum with a spectral index of Γ = 2.29 and a
flux of N0 = 1.15 × 10−13 cm−2 s−1 TeV−1 is found to be in agreement with the flux at
35 TeV, reported by Milagro [4]. The latter suggests that the emission from MGRO C4
and VER J2227+608 are in fact resulting from a single mechanism. The coincidence
of the VHE emission with the location of a molecular cloud, as well as the fact that
the combined spectrum does not show a curvature at the highest energies, favors partly
hadronic instead of purely leptonic models for γ-ray production [5]. This is one of the
first hints at the Boomerang SNR being a PeVatron candidate for CR acceleration. In the
same year, Fermi-LAT reported the first measurement of pulsed γ-ray emission from the
pulsar PSR J2229+6114 [3], complementing the earlier detection of pulsations in radio
and X-ray.

From 2019 to date, several more γ-ray experiments studied the Boomerang SNR com-
plex, such as Fermi-LAT [107] (3 GeV to 500 GeV), HAWC [10] (40 TeV to 110 TeV),
LHAASO [29] (up to 500 TeV) and Tibet ASγ [100] (above 10 TeV). All of them con-

29



CHAPTER 3. G106.3+2.7

Figure 3.3: Gray-scale plot of neutral hydrogen distribution in the vicinity of
G106.3+2.7. Overlaid black contours indicate the presence of molecular 12CO and white
contours the radio continuum contours at 1420 MHz. For the plot, neutral hydrogen and
molecular carbon monoxide have been averaged over three channels at −5.6, −6.4, and
−7.2 km s−1. From [69].

firmed HE/VHE/UHE emission from the position of G106.3+2.7. Xin et al. [107] found
evidence for GeV γ-ray emission, again coinciding with the molecular cloud complex in
the Tail region. A lepto-hadronic model was preferred over the purely leptonic case.
HAWC confirmed the spectrum and position of VHE emission described by VERITAS
[5]. They also raise an unsolved question, that could contradict the PeVatron nature
of the Boomerang complex: While the characteristic age of the pulsar and possibly the
whole system is around 10 kyr, a SNR is expected to act as a PeVatron only in the first
few hundred years after its explosion, which makes it difficult to explain the observed
emission. They offer two explanations to resolve this discrepancy. If the SNR is actually
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as old as the pulsar, particles able to emit VHE photons could have been accelerated in
the young SNR, while they are now diffusing out and interacting, e. g., with a molecular
cloud. If the SNR is younger and able to currently accelerate particles, the derived char-
acteristic age approximation for the real age of the pulsar could be invalid for this system.
They also mention the unlikely but still not ruled out possibility that the SNR and the
pulsar/PWN system are after all not connected. With LHAASO’s detection of UHE
photons from 12 Galactic γ-ray sources [29], among which LHAASO J2226+6057 coin-
ciding with the Boomerang SNR, the source became an even more promising PeVatron
candidate. LHAASO J2226+6057 was claimed to emit photons as energetic as 500 TeV
and have a flux comparable to the Crab Nebula flux at 100 TeV. While a measurement
of emission at hundreds of TeV has been unprecedented and so far not been reproduced
by any other experiment, the spectrum found by LHAASO connects well with other
measurements. Another two publications strengthening the picture as a PeVatron can-
didate came with [100] by the Tibet ASγ detector and with an X-ray search [55]. In the
former, the authors report an additional measurement of VHE emission from a region
spatially corresponding to the molecular 12CO material, favoring the hadronic model,
but also raising the issue about the age of the SNR. In the latter, with an extensive X-ray
study using a large dataset composed of data from the experiments Suzaku, Chandra
and XMM-Newton, it was the first time that diffuse non-thermal X-ray emission from
an SNR was detected [55]. The article states that the hard spectrum and spatially con-
stant flux they obtain for the tail region is yet another indication for a PeVatron source,
invoking the following argument: Their overall X-ray surface brightness profile for the
SNR shows a multiple-component broken power law shape, with a transition to constant
intensity moving from the Head to the Tail region. It suggests two different radiation
processes for the parent electron populations of the synchrotron radiation. The SNR
shock is the most probable accelerator in the Tail region to transfer energy to electrons
in situ. They have to be accelerated locally since electrons cool efficiently and would
not reach another region before radiating too much of their energy budget. If this is the
case, the shock should have a high speed. On the one hand, this challenges the picture of
G106.3+2.7 as a middle-aged or even old SNR. On the other hand, assuming a fast shock
entails the necessary conclusion that also hadronic particles are efficiently accelerated
by the shock in the Tail region, and therefore favors hadronic emission mechanisms for
the VHE emission.

Apart from the above mentioned, many more works have explored leptonic and hadronic
production scenarios for the multi-wavelength emission observed by experiments oper-
ating along the whole electromagnetic spectrum. The radio and X-ray emission close to
the PWN and in the Head region has been found to be compliant with a non-thermal
electron population in several cases [48, 73, 55]. For the VHE signal, some early mod-
eling results partly disfavor leptonic and favor hadronic models, although they are not
conclusive about the nature of the emitting process in the Boomerang SNR region [107,
10, 73]. Successively taking into account more sensitive flux measurements covering a
larger range of the energy scale and including results by LHAASO [29], modeling results
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became more constraining. Several results are now clearly selecting the lepto-hadronic
models as the more probable ones for the Tail region [55, 43, 76].

In [72] a recent dedicated study of the 12CO emission around the region of the remnant
with the IRAM2 30 m telescope is presented. The authors are aiming to investigate how
solid the association to the 12CO molecular cloud complex is. According to them an
illumination of a cloud with energetic hadronic particles is uncertain, although they find
some nearby clouds in the same velocity range as [69]. Due to the cool temperature and
similarity of the molecular cloud to ordinary clouds in the ISM of the galaxy, they state
that it is unclear whether the molecular cloud is really heated by the SNR shock.

The study done by MAGIC in [76] will serve as a frequent reference later on, since
this work is based on the same dataset of observations. It was the first measurement
revealing details in the energy-dependent morphology of the source at VHE (see Fig. 5.2
in chapter 5). In the Tail region, the MAGIC collaboration found a strong preference for
hadronic emission models, again hinting at a PeVatron. Detected γ-ray emission from
the Head region meanwhile can be explained both with leptonic and hadronic processes.
The flux and significance of the excess measured with MAGIC is consistent with previous
measurements, for instance VERITAS [5].

Recently several articles concentrated more on the PWN of the system to constrain the
possibilities of VHE emission originating from the surroundings of the pulsar, instead
of the Tail region [71, 39]. So far, the PWN as a PeVatron cannot be ruled out. Lat-
est results on this also include a combined multi-wavelength study by VERITAS and
NuSTAR3 [89]. In addition to their data and HE data from Fermi-LAT, they also
used archival radio and Chandra X-ray data to constrain the emission properties of the
Boomerang PWN. Compared to [69], the analysis indicates a larger distance of ∼ 8 kpc,
supported by three independent arguments and two decades more of spectral data in
various wavelengths. Lastly, an article concerned with the ISM density derivable from
X-ray and γ-ray observations was made public [19]. The authors intended to further
probe the hypothesis of γ-ray emission involving processes with gaseous material in
that region. Their conclusions are neither strongly supporting nor rejecting theoretized
hadronuclear interactions between CRs and the ISM, although they confirm the presence
of a low-density cavity, into which the SNR seems to be expanding (as in [69]).

Summarizing, the Boomerang SNR G106.3+2.7 can be considered one of the established
most promising PeVatron candidates. The exact spatial and phenomenological origin
of the VHE γ-ray emission, however, is still strongly debated. As described, there are
attempts to explain this emission with the Boomerang PWN or with the older hypothesis
of the SNR as a PeVatron. So far, both theories are encountering inconsistencies with
observational evidence or current theoretical models of emission. Thus, current spatial
measurements between several GeV and tens of TeV seem to indicate the SNR rather

2https://iram-institute.org/observatories/30-meter-telescope/
3https://www.nustar.caltech.edu/
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than the PWN as a PeVatron. At the same time, it is not clear how an SNR of the
estimated age of the Boomerang SNR can accelerate particles to such high energies.
Ongoing and future investigations, e. g., with the MAGIC/LST-1 telescopes and with
the upcoming CTAO, will help to reject or confirm these theories and simultaneously
clarify if leptonic or hadronic production processes are the main reason for VHE emission
from the Boomerang SNR complex.
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Chapter 4

Data Analysis and Methodology
for Extended Sources

The goal of this chapter is to familiarize the reader with concepts of the data analysis of
IACT observations and methods implemented by the softwares adopted by the presented
thesis, the MAGIC Analysis and Reconstruction Software (MARS) (see section 4.3.3)
and gammapy (see section 4.3.2.6). I will explain all the necessary prerequisites for the
subsequent presentation and discussion of my results in chapter 5, starting with a brief
introduction of the main challenge faced in extended-source analyses (section 4.1). It
will motivate the efforts invested in the following section, where I carefully explain the
aforesaid key element, posing the challenge: the background (see section 4.2). Finally, I
will discuss established tools and methods for the analysis of IACT data, as well as new
software and methodologies that can contribute to solving the above challenge in IACT
data analysis (section 4.3).

4.1 Introduction
Compared to the point-like nature of the majority of sources observed by the MAGIC
telescopes, Galactic sources can be spatially extended. This is due to their proximity
to the Earth inside the Galaxy. Even though MAGIC is located on the Northern hemi-
sphere, observing mostly the Northern sky while the brightest part and the center of
our Galaxy can be found in the Southern hemisphere, there are some extended sources
visible from the observing site of the MAGIC telescopes in La Palma, Spain. Similar to
any other telescope experiment, when pointing to a γ-ray source MAGIC does not only
measure a source signal but also a background signal. Extended sources can cover larger
areas on the sky and in the FoV of an IACT. Hence, in comparison to observations of
point sources, observations of extended sources are more strongly affected by the back-
ground because they include more background signal inside the relevant analysis region.
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Due to the complex nature of processes happening in the atmosphere, in and around
the detector, this background is a priori unknown and depending on many factors. The
non-trivial task posed for the analysis of extended sources is to correctly estimate the
background, taking into account as many factors as possible. In order to understand the
challenge in more detail we move to the second section, dedicated to the background.

4.2 Theory of the Background

Observations with IACTs are subject to different sources of noise. In the case of γ-
ray observations, the background signal of various types is by far the most influential
disturbance and needs to be estimated to extract the source signal. In what follows, we
will dedicate some thought to the nature and impact of the background signal on the
analyzed data. It is useful to distinguish between two important terms before starting:

• The camera acceptance of an IACT system is defined as the systemic response
for the detection of Cherenkov events [46] in the camera FoV. It is different for
γ-ray and hadronic events and depends on numerous parameters, among which
the energy and the zenith angle [21]. As explained in [90], the acceptance for
a single IACT is expected to be radially symmetric in the first approximation.
The maximum detection efficiency for light lies in the center of the camera and
gradually decreases towards the outer edge. With more than one instrument, the
dependency of the camera acceptance will be dominated by the intersection of the
trigger telescope FoVs. This will become more clear in section 4.2.2.1.

• The background is any measured signal adding up to the source signal and therefore
considered a nuisance effect that has to be taken into account (rejected in real
time, removed during low-level analysis or modeled during high-level analysis if still
influential). The background inherits all the dependencies of the camera acceptance,
as the response of the given system governs how many γ-ray and hadronic events
are measured from which part of the camera and therefore determines the measured
background signal.

4.2.1 Types of Backgrounds

For IACTs there is a conceptual difference between several kinds of backgrounds, of
which the three most important ones will be mentioned here: the NSB (section 4.2.1.1),
the diffuse γ-ray background (section 4.2.1.2) and the event-like hadronic background
(section 4.2.1.3). Note that these types of backgrounds act differently on the measured
signal and do not all have the same relevance, as explained below.

4.2.1.1 The Night Sky Background

The NSB is present in every recorded event and takes the form of an underlying base
level of signal in every PMT of the camera, depending on the sky brightness. The

36



CHAPTER 4. ANALYSIS AND METHODOLOGY 4.2. BACKGROUND

strongest influence on the NSB is determined by the intensity of the moon light. Also
bright stars within the FoV of observations can have a strong effect on the NSB. Then,
there is a contribution by artificial light sources, e g. from cities. Observations close to or
in the Galactic plane are also affected by the stellar optical emission of a denser stellar
background. All three contributions of the NSB are an additional source of noise in
γ-ray data and influence the measured background [21].

4.2.1.2 The Diffuse γ-Ray Background

The diffuse γ-ray background refers to a background originating from additional triggered
γ-ray events, that are not coming from the observed source. These showers stem from
VHE γ-rays that are emitted by CRs propagating inside our Galaxy or by unresolved
astrophysical sources in the FoV. The diffuse γ-ray background between 0.5 TeV and
2 TeV was studied with Fermi-LAT in [83], in which it was found that the majority of
the diffuse flux lies in or close to the Galactic plane. Additionally, LHAASO has detected
diffuse emission in the VHE to UHE regime, between 10 TeV and 1 PeV [31], confirming
the measurement by Tibet ASγ in a similar energy range [16].

4.2.1.3 The Hadronic Background

The hadronic background, similarly to the diffuse γ-ray background, is constituted by
additional triggered events from a background process. In this case, the showers are
not induced by γ-rays but by all kinds of CR particles, leading to hadronic air showers.
However, there is no influence on other recorded γ-ray events. On average, IACTs record
one γ-ray event in a thousand hadronic events (mostly protons) for bright sources like
the Crab Nebula [12], whereas the domination of hadronic showers can be even stronger
for other sources. For that reason, analysis pipelines have to include powerful γ/hadron
separation algorithms to reject this background.

In MAGIC, the γ/hadron separation is typically done estimating a parameter called
hadronness and then introducing a cut in the events based on that parameter. The
hadronness gives the probability for a shower to be induced by a hadronic particle
instead of a γ-ray photon. Consequently, it should be close to 0 for a γ-ray shower and
close to 1 for a hadronic shower. For the classification, a Random Forest (RF) is trained
on the reconstructed image parameters (Hillas parameters explained in section 2.2.3.4)
of simulated γ-ray events and hadronic events from OFF observations. It is then tested
on a different dataset of simulated γ-ray events. Fig. 4.1 shows the final product of
such a classification; the hadronness distributions for simulated γ-ray and real hadronic
events in four different energy bins. Note, that the distributions have their expected
peaks around hadronness values of 0 and 1 for γ-ray and hadronic showers, respectively.
Depending on the energy, they show a more or less pronounced tail towards larger and
smaller hadronness values. This implicates that a fraction of both γ-rays and CRs was
misclassified in terms of the hadronness estimate. The effect is stronger at lower energies,
where it is more difficult to distinguish between the two types of showers. It also means
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Figure 4.1: Hadronness distributions of simulated γ-ray data (in blue) and real CR data
(in red) from Off observations for four energy bins between 25 GeV and 2025 GeV. From
[33].

that a cut in hadronness, however strict, will never remove all hadronic events. To ensure
a correct measurement of the flux of a source the remaining flux of background events
has to be modeled.

4.2.2 Systematic effects on the Background Shape and Rate

The shape and rate of the background depend on numerous different parameters, e. g., the
energy, the zenith and azimuth angle, the observational conditions and the instrumental
performance. However, these can be traced back to four main elements at the origin of
the dependencies: The MAGIC telescope system, the atmosphere, variations in the NSB
and the geomagnetic field.

4.2.2.1 The MAGIC Telescope System

The MAGIC telescopes are subject to variable conditions, affecting the hardware or
software and causing changes in efficiency during the data taking process. They are
exposed to all weather conditions, causing a degradation of the mirror reflectivity and
a non-constant Point Spread Function (PSF) of the system. The PSF is defined in sec-
tion 4.3.2.4. The telescopes also undergo hardware interventions that result in changing
performance. In order to take into account different periods of instrumental perfor-
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mance, several steps in the data analysis are relying on dedicated MC simulations (see
section 4.3.1), produced to suit the instrumental conditions of each period. For the same
reason, the measured background of CRs can be different for different analysis periods
[21].

Another effect stemming from the camera design of the telescopes is the geometry of
macro cells that define the trigger region in the camera. As can be seen farther down in
Fig. 4.5, the hexagonal trigger region (compare Fig. 2.8) shows up in the shape of the
background in the two lower energy bins.

The geometry of the MAGIC telescope system during operations determines the depen-
dence of the background on three different parameters: zenith angle, azimuth angle and
event energy [21, 46]. The former two determine the shape and size of the overlapping
region of the MAGIC view cones depicted in Fig. 4.2. In general the overlapping region
has an eye-shaped form and events have to lie inside it to be triggered and recorded. As
a consequence, the shape of the background is not expected to be radially symmetric,
as would be the case for single telescopes or a symmetric 4-telescope system, but rather
elliptical [78]. Looking at Fig. 4.3, note that the principal axis of the background is ex-
pected to be rotated around a rotation angle γ with respect to the horizontal, depending
on the azimuth pointing. The amount of rotation is connected to the projected inter-
telescope distance dprojected, which is the MAGIC 1 - MAGIC 2 inter-telescope distance
of 83 m projected to the sky. It can be written as

dprojected = |(M1 − M2) × n|
|n|

(4.1)

Figure 4.2: Schematic representation of the view cones of the MAGIC telescopes and
their eye-shaped overlap region (marked in blue), seen from the side (left) and from
above (right). From [78].
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Figure 4.3: 2D histogram of γ-ray-like events from MAGIC OFF data, binned in FoV
altitude and azimuth, in the azimuth range from 69 ◦ to 99 ◦ and the energy range from
0.05 TeV to 10 TeV. Indicated are the MAGIC 1 - MAGIC 2 telescope axis projected to the
sky (orange), the first principal component (blue) and the second principal component
(green) of the elliptically-shaped background, as well as the rotation angle γ, defined as
the angle between the first principal component and the horizontal. From [79].

where n is the projection vector defined as

n =

sin(Zd) · cos(−Az)
sin(Zd) · sin(−Az)

cos(Zd)

 =

− sin(Zd) · cos(Az)
sin(Zd) · sin(Az)

cos(Zd)

 (4.2)

and M1 and M2 are the position vectors of MAGIC 1 and MAGIC 2 in an arbitrary
coordinate system. Assuming we do a sweep of the whole azimuth range at a fixed
zenith angle, looking at the top and bottom panel of Fig. 4.4, dprojected and the rotation
angle γ display a periodic change. The top panel of Fig. 4.4 demonstrates that the
effect is negligible at small zenith distances but becomes increasingly dominating at
larger zenith distances. Along with dprojected the orientation γ of the elliptically-shaped
background is expected to change, which was studied in [90] and confirmed in [79, 78]
for the MAGIC telescopes and is visualized in the bottom panel of Fig. 4.4.

The dependence on energy can be explained considering that the size and therefore the
elliptical image of the showers increases with energy. At energies above several TeV,
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Figure 4.4: Graphs visualizing the influence of the pointing coordinates on the back-
ground. Both graphs are from [78]. Top panel: Dependency of the projected inter-
telescope distance dprojected on altitude/zenith and azimuth angle. It is visible that
the amplitude of the change of dprojected along the azimuth axis is larger for lower al-
titudes/larger zenith angles. Bottom panel: Measurements of the rotation angle γ of
the elliptical background plotted against the azimuth angle for six logarithmic bins of
the reconstructed energy from 0.05 TeV to 20 TeV. The blue dashed line is the relation
expected from theoretical calculations.
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shower images originating from the center of the camera in most cases are not fully
contained in the camera any more, because the development of the shower happens
towards the border of the camera. However, showers from the edge of the camera
that develop into the direction of the camera center, even if large, can be contained
entirely which makes the reconstruction of the event possible. For the highest energies
the result is therefore a ring-shaped background for combined data from all azimuth
angles and a dipole-shaped background for data covering only a certain azimuth range
(considering a superposition with the elliptical shape of the background mentioned in
the last paragraph). The first case is illustrated in the highest energy bins of Fig. 4.5 and
the second case can be recognized in the background models, produced for this work. An
example of these is shown farther down in Fig. 4.10 and the remaining background maps
are attached in appendix A (Fig. A.1, A.2 and A.3 for the Crab Nebula and Fig. A.4,
A.5, A.6 and A.7 for the Boomerang SNR). A similar ring-shaped background at high
energies is also reported by other IACTs, such as the H.E.S.S. in [81]. However, in their
case the background shape is circular even for data exclusively taken within a narrow
azimuth bin. This can be explained by the multiple-telescope configuration, leading to
multiple differently oriented baselines for all the possible combinations of two telescopes.
Observing the sky at a fixed azimuth angle this results in several superimposing elliptical
backgrounds with unequal rotation angle γ. The study by H.E.S.S. confirms that the
depletion of the background rate in the camera center at high energies is an intrinsic
feature originating from the imaging technique with more than one telescope. It is
independent of the background estimation technique and the specific detecting array of
IACTs.

4.2.2.2 The Atmosphere

The measured background flux also depends on the atmospheric conditions during an
observation. It is expected to be higher for good observation conditions, including high
transmission values of the atmosphere. Additionally, the airmass between the first point
of interaction of the shower and the detector increases for large zenith distances. It fol-
lows that also absorption and effective area strongly increase, meaning that Cherenkov
light from low-energy showers is progressively absorbed up to the point of total absorp-
tion for increasing zenith distance. Above 70 ◦, this effect starts to become so strong
that it varies within the FoV of MAGIC and can modify the shape of the background
[78].

4.2.2.3 Variations of the Night Sky Background

The contributing factors to the NSB were listed in section 4.2.1.1. Depending on the
pointing position of the telescopes and the absence or presence of the moon and other
light sources, variations in the NSBthat affect the background measured by IACTs are
introduced.
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Figure 4.5: Background 2D histograms containing events from OFF data, showing the
flux of CR showers inside the camera FoV of MAGIC, displayed in six logarithmic bins
of the reconstructed energy from 0.05 TeV to 20 TeV. In the two lowest energy bins
the hexagonal trigger region of the MAGIC telescopes is visible in the shape of the
background, whereas at highest energies the camera acceptance becomes ring-shaped.
This is due to an increasing number of showers originating from the center but exceeding
the camera FoV and not being reconstructed. From [78].
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4.2.2.4 The Geomagnetic Field

There are only a few studies of the influence that the geomagnetic field has on EAS. It
is known that the geomagnetic field is not stable over time and it is deflecting charged
particles by a non-neglectable amount in comparison to the dispersion of particles caused
by Coulomb scattering [35, 46]. According to [78], the degradation of the event recon-
struction due to the geomagnetic field might be an important effect. It should be lower
for hadron-induced than for γ-ray-induced air showers.

4.2.3 Definition of the Background

Henceforth in this work, the term γ-ray-like background or background in general
will be used according to the following definition. The background is composed of

• all the hadronic showers remaining in the final event selection after the low-level
analysis because of misidentification as γ-ray showers,

• all the EM showers from the diffuse γ-ray background remaining in the final event
selection because our methods do not allow to distinguish between these and γ-ray
events from our source of interest.

4.3 IACT Data Analysis
This section explains the techniques for the analysis of IACT data, with a focus on
methodology for extended-source analysis. It starts with a word on the importance and
usage of Monte Carlo simulations (section 4.3.1) and concludes with a section about the
systematic uncertainties of measurements with MAGIC (section 4.3.4). In between comes
an introduction of the related software applied in a standardized and open framework,
e. g., gammapy [41], the science tool of the future CTAO (section 4.3.2), or in a proprietary
framework, e. g., the MAGIC Analysis and Reconstruction Software (MARS) [82, 108] of
MAGIC (section 4.3.3). I will explain the standardized and open approach first since it
is the main method applied in this master’s thesis. In that case, the analysis is based on
standardized data levels, from Data Level 0 (DL0) to Data Level 5 (DL5), denoting data
in different stages of the analysis process [86]. A short description of the data levels will
be given in section 4.3.2.1, on the example of the MAGIC analysis workflow. As we will
see, the respective products of each analysis step in MARS do not always coincide with
the standardized data levels. However, it will be shown that the analysis principles are
shared between the proprietary and open workflows.

4.3.1 Monte Carlo Simulations

One essential task of IACT data analysis is to correctly identify γ-ray-induced air showers
among the vast amount of background from hadron-induced air showers and to recon-
struct their original energy and direction. To accomplish this, data, labeled as hadron- or
γ-ray-like, is needed to train machine learning algorithms, in this case an RF. Real data
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from IACTs can provide large hadronic data samples from regions without signal, but
pure γ-ray data has to be simulated. Additionally, IACTs require simulations to compute
IRFs to understand the response of the detector system (explained in section 4.3.2.4).
Monte Carlo (MC) simulations solve this as they can imitate and be analyzed alongside
real data. The general way to produce them is to simulate the development of showers in
the atmosphere (for the MAGIC telescopes this is done with COsmic Ray SImulations for
KAscade (CORSIKA) [60]), count the emitted Cherenkov photons, simulate the reflector
response and finally simulate the camera response and the trigger and readout systems.
The final output emulates real raw data and can be processed with the standard analysis
software MARS.

The majority of required MC simulations in MAGIC are produced with a certain fixed
offset from the camera center, related to the most common wobble offset employed
for standard data taking (see section 2.3.2). However, this only makes sense for point
sources, for which γ-rays are originating exclusively from positions with that offset in
the camera. For extended sources or wobble observations at special offsets dedicated
simulations have to be produced. In general, there exist two kinds of MCs:

• Ringwobble MCs contain simulated events from a single offset in the camera
FoV. In MAGIC observations this offset typically is 0.4 ◦.

• Diffuse MCs contain simulated events from multiple offsets up to a maximum
offset in the camera FoV and are used for extended sources that cover a certain
region in the camera. The maximum offset typically is at 1.5 ◦ or 2.5 ◦.

MCs are separately produced for multiple bins in zenith distance to account for a variable
detector response at different zenith pointings. It has been mentioned before that the
mirror reflectivity and PSF of the telescopes can degrade or change due to exposure
to extreme weather conditions (see section 4.2.2.1). For this reason, different analysis
periods are defined, in which the response of the system was constant, and MCs are
produced for each period.

4.3.2 Standardized and Open Framework - Gammapy

The biggest part of this thesis work was done exploiting the standardized and open
data formats and programs available to date. The following section is dedicated to the
introduction of these standards and the software and routines applied in its framework.

4.3.2.1 Standardized Data Levels

Since the construction and commissioning of the first ground-based γ-ray telescopes, the
γ-ray community has been applying proprietary data and software policies for the sci-
entific exploitation of observational data. More recently, there are inter-collaborational
efforts towards standardizing data formats and developing open-source software, to en-
able fully reproducible and multi-instrument analyses in the field. The first prototype
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definition of standardized data formats is given in [36]. Further documentation of the
effort is presented in [40] and the evolution of data formats and software in γ-ray as-
tronomy has been reviewed and described more recently in [86]. The last article puts a
special focus on the creation of the data formats for γ-ray astronomy, shortly referred
to as the Gamma Astro Data Formats (GADF). The GADF [38, 37] sets standards for
the name, content and metadata of high-level data files from γ-ray observations.

The most up-to-date standardized data levels used in gammapy and in this thesis are
defined as follows: the raw output of a data acquisition software is called DL0; calibrated
and cleaned data, containing the image parameters of the shower ellipses is called DL1;
stereoscopic data containing the shower parameters of every event (reconstructed energy,
direction and γ/hadron-separation information) corresponds to DL2; DL3 incorporates
data in the form of event lists and the corresponding IRFs for each observation; DL4
represents data in the form of binned Datasets (as introduced in section 4.3.2.6); the
final science products, like spectra or sky maps, belong to DL5. A schematic overview of
these levels can be found in Fig. 4.6 for the low-level part of the analysis and in Fig. 4.11
for the high-level part.

Figure 4.6: Schematic diagram of standardized data levels defining content and format
of low-level products of IACT data analysis. Partly reprinted from [86].

Data Level 0 (DL0) is equivalent to the raw output of the data acquisition of the tele-
scopes, amounting to 1 TB of binary files per telescope per night in the case of MAGIC.
As shown in Fig. 4.6, it contains the sampled waveform of a pulse for each camera pixel
of each L3 trigger, as well as each interleaved pedestal and calibration event. In the
first step of the analysis these files are merged with the MAGIC subsystem reports and
converted to ROOT files.

To produce data at Data Level 1 (DL1) it is necessary to compute the integrated charge
in photoelectrons from the measured ADC counts and the arrival time of each event for
both telescopes. This procedure is called calibration. Then, image cleaning is applied to
remove all the pixels that do not contain any signal from the imaged shower, but only
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background signal from the NSB. Finally, the Hillas parameters are derived for each
event and stored in the data files, now at Data Level 1 (DL1). The information about
single pixels is lost in this step.

In the following step Data Level 2 (DL2) is produced. It embodies data in the form
of the reconstructed stereoscopic parameters, namely the energy, the direction and the
hadronness parameters, which are estimated with RFs that have been produced using
MC simulations (see Fig. 4.6). In MAGIC, this data level is produced by the program
melibea (see section 4.3.3.2) and it is the direct starting point for any high-level analysis,
that has science products as an outcome. This means that there is no intermediate step
between DL2 and DL5 in MARS, but the programs which take melibea data as an input
combine the computations described in the next three paragraphs.

After the transition to Data Level 3 (DL3), the data contains a list of γ-ray candidate
events and their IRFs. The selection of events is done via a cut in the hadronness
parameter (and depending on the projected type of analysis also a cut in the angular
offset from the camera center θ) and the response of the system is computed using MC
simulations, as explained in section 4.3.2.4.

Data reduction applies additional cuts in the data to be used for the final science products
and imposes a geometry on the data, depending on the desired high-level product. The
resulting DL4 files contain binned data products (see Fig. 4.11), ready for fitting and
modeling procedures.

The final transition to Data Level 5 (DL5) makes different science products available,
e. g., a Spectral Energy Distribution (SED), the significance of a signal, a light curve or
a flux map, depending on the interest of the analyzer.

4.3.2.2 Spectral (1D) and Spectro-Morphological (3D) Analyses

There exist different types of high-level analyses, based on the corresponding objective
and the desired high-level products, as well as the type of analyzed source. The most
common cases are the 1-dimensional (1D) and 3-dimensional (3D) analyses, although
the diagram in Fig. 4.7 also depicts the 2-dimensional (2D) analysis for completeness.
The objectives and concepts of the 1D and 3D analysis will be exposed in the paragraphs
below, while the actual methods for their realization will follow in section 4.3.2.3, 4.3.2.5
and 4.3.2.6.

1D Spectral Analysis: Estimating the flux of one or several γ-ray sources in a FoV
is the common objective shared by all analyses of γ-ray observations. In the case of a 1D
analysis, this is achieved by neglecting the extension of a source and applying a simple
aperture photometry method [41]. Any spatial dependency of the flux is eliminated and
the only remaining dimension of binning is the energy of the events (see first row in
Fig. 4.7), hence the name 1-dimensional analysis. The flux is estimated inside a circular
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aperture centered on the source called ON region, whereas the background rate is taken
from one or multiple OFF regions inside the same FoV. They are typically positioned
symmetrically to the ON region with respect to the pointing position, see Fig. 2.9, so
that the following can be defined: Given a test region and a background control region,
which contain a number of counts NON,i and NOFF,i, respectively, the number of γ-ray
excess events inside the i-th energy bin Ei is

Nexcess,i = NON,i − α (Ei) · NOFF,i. (4.3)

In this, the normalization factor α is in general a complex function taking into account
differences between the test region and the background control region. These differences
can originate from the size of the ON and OFF regions, the zenith angle and exposure
time of the observation and the camera acceptance of CR events compared to γ-ray
events. Applying a model to the data then means trying to reproduce the counts, taking
into account all energy bins Ei.

3D Spectro-Morphological Analysis: Compared to the point-like appearance of
single VHE γ-ray sources, Galactic sources are often extended and situated in FoVs
with more than one γ-ray emitting object. The so-called 3-dimensional or spectro-
morphological analysis [41] is the appropriate technique for extended-source analyses,
more sophisticated and complex than the 1-dimensional analysis.

A 3D analysis analysis is able to account for the position and morphology of different
(potentially overlapping) sources in the FoV. To this end, the data is binned in a data
cube of three dimensions (see last row in Fig. 4.7), namely the two sky coordinates and
the energy of the events, hence the name 3-dimensional analysis. It requires an estimate
of the γ-ray background over the whole FoV because the emitting source is spread
over a region in the camera with different offsets to the center and therefore different
sensitivities. Re-interpreting Eq. 4.3 in the framework of a 3D analysis, the following
changes have to be made: NON,i, binned in energy, becomes a set of quantities NON,i,j,k,
binned in energy and two spatial coordinates, and analogous for the OFF counts. The
normalization factor α is now also depending on two sky coordinates xj and yk, so that
the three parameters fulfill

Nexcess,i,j,k = NON,i,j,k − α (Ei, xj, yk) · NOFF,i,j,k. (4.4)

Equation 4.4 yields an excess value for each bin. The estimation of the background
normalization function α is part of the main challenge mentioned in section 4.1 and
very complex in the case of a 3D analysis due to the increased number of parameters.
Additionally, knowledge of the PSF of the telescope is crucial to understand how a
source "looks through the telescope” and to be able to distinguish the flux contributions
from different sources overlapping at a certain sky location. Fitting a model to the
data then implies reproducing the counts from the whole 3D data cube, which means
simultaneously fitting spatial and spectral properties.
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Figure 4.7: Scheme of different kinds of analyses in gammapy, based on the dimension
of binning and the resulting data cube after reducing Observations to Datasets. The
respective high-level products of a 1D, 2D and 3D analysis are spectra, 2D images, and
energy-binned sky maps. Part of the elements is reprinted from [53].

The 3D analysis technique is a promising and potentially powerful tool to analyze ex-
tended sources observed by IACTs in the near future, but it is also a technique still in
development. It has to be kept in mind that only a few 3D analyses have been realized
in the field up to date [79, 81] and its characterization and validation is not concluded
but rather an ongoing effort in the community of high-energy astrophysics.

4.3.2.3 Background Estimation Methods

Concerning the methods to estimate the background, Fig. 4.8 displays three ways to
sample events from a dataset to construct a background model, using the source-free
regions left free due to wobble mode strategy:

• for the wobble map (top panels in Fig. 4.8), individual camera exposures are
separated in halves, in a way that the source will lie in the masked half. The un-
derlying assumption is that the γ-ray emission connected to the source is confined
to a maximum radius around the source position equal to the wobble offset angle
and not leaking into the other half of the camera. Summing and normalizing the
contributions of all source-free halves one can obtain a background model.
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W1 W2

W1

W1 W2

W2Blind Map

Wobble Map

Excluded Region

Figure 4.8: Visualization of wobble, blind and exclusion method to construct a back-
ground model using wobble observations, in this case for a wobble pair. Red and blue
shaded areas indicate the source position/extension in the shape of a point, ellipse, or
stripe and the wobble-wise bins excluded from the reconstruction of the background
map. From [102].
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• a blind map (center panels in Fig. 4.8) is created comparing the counts from
wobble 1 (W1) and wobble 2 (W2) and taking the minimum values in each pixel.
For more than two wobble positions the median value of each pixel is used, ruling
out possibly high values due to a source. The method uses no information about the
location of potential γ-ray emission (it works "blindly") and can be applied to sky
fields in which the source position is not well-known. Inherent to the method, there
is an effect of underestimation of the background in case of two wobbles, entailing
a necessary modification by a correction factor to account for the introduced bias.

• the exclusion method (bottom panels in Fig. 4.8) relies on the knowledge of
the source position in the camera and the definition of one or multiple exclusion
regions (marked in blue in Fig. 4.8) by the analyzer. The diversity in shape of the
available exclusion regions depends on the program, for instance SkyPrism (see
below) can only handle circular or line-shaped regions, whereas gammapy provides
several additional shapes, e. g., an ellipse and a rectangle. The background map is
computed from the remaining free region in the camera.

4.3.2.4 DL3 Converter - Conversion to DL3 and Production of IRFs

The DL3 Converter is a program of MAGIC realizing the conversion of the MAGIC
proprietary ROOT files, at an equivalent level of DL2, to standardized FITS files at DL3.
Due to the proprietary software policy in MAGIC there is no public release but the
reader can refer to [86] and [85] for more information. Apart from converting into an-
other format, the main task of the DL3 Converter is the utilization of analysis cuts on
the data, e. g., cuts in hadronness, and the generation of so-called Instrument Response
Functions (IRFs) using MCs. They are instrument-specific functions mapping the esti-
mated quantities of each photon to their true quantities. Hence, they need to be known
to compute the physical values from the measured values and to fit physical source mod-
els to the observed data. Owing to the fact that for MC events the knowledge about
true and estimated quantities is given at the same time, the IRFs can be constructed
from simulations. There are three main elements:

• the Energy dispersion, which is the mathematical relation between true and
estimated (Et and E) energy Edisp (E|pt, Et), represented by the Probability Dis-
tribution Function (PDF) of the estimated energy. It also depends on the true
direction of the primary γ-ray pt.

• the PSF, describing the spatial distribution function PSF (p|pt, Et) of the es-
timated event coordinates of photons from a point source, as seen through the
telescope, where p is the reconstructed direction of the incoming γ-ray.

• the Effective area, embodied by the effective collection area of the telescopes
AMC,total, corrected with an energy-dependent efficiency originating from energy-
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dependent analysis cuts as

Aeff (pt, Et) = NMC,final (pt, Et)
NMC,total (pt, Et)

· AMC,total, (4.5)

where NMC,final (pt, Et) and NMC,total (pt, Et) are the numbers of events, which
survived the analysis cuts and which were simulated in total, respectively.

With the above ingredients, the complete instrument response can be written as

R (p, E|pt, Et) = Aeff (pt, Et) × PSF (p|pt, Et) × Edisp (E|pt, Et) , (4.6)

and the predicted counts N (p, E) in a spectral and spatial bin dpdE can be calculated
as

N (p, E) dpdE = tobs

∫
Et

dEt

∫
pt

dpt R (p, E|pt, Et) × Φ (pt, Et) + b (p, E) (4.7)

where Φ (pt, Et) is the source model, composed of spatial and spectral components, tobs
is the observation time and b are the background counts. N is mapped from the true
model quantities with the IRFs. The DL3 converter computes the IRFs in terms of
a single offset parameter, instead of two coordinates described by the direction p. The
underlying assumption of radial symmetry of the system response is at the moment
predetermined by the definition in the GADF, which does not allow asymmetric IRFs.
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Figure 4.9: Examples of two IRFs, computed from a single run of Boomerang SNR
observations: energy dispersion (a) and effective area (b). In (a) the plotted quantities
are the reconstructed energy E and the true energy Et in a range from 50 GeV to 50 TeV.
The events’ energy is correctly reconstructed for E = Et. In (b) the effective area is
given in m2, depending on the true energy Et and the FoV offset from the camera center.
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In Fig. 4.9 I show two example IRFs, the energy dispersion matrix and effective area,
produced with a single run of Boomerang SNR observations. Fig. 4.9a plots the recon-
structed energy E with respect to the true energy Et of all events in an energy range of
50 GeV to 50 TeV. For correctly reconstructed events the relation E = Et is expected to
be fulfilled. As can be seen on Fig. 4.9a, this is the case for all events which lie in an
energy range from ∼ 200 GeV to ∼ 30 TeV. From this fact, the need for a lower energy
threshold in the analysis can be justified. Fig. 4.9b on the other hand, is a histogram of
the effective area values given in units of m2 and plotted in bins of the true energy Et
and the FoV offset from the camera center. The effective area decreases for increasing
offset and decreasing energy.

4.3.2.5 Pybkgmodel - Production of Background Models

In the previous sections it became clear why a dedicated background model of the FoV
is crucial for accurate extended-source analyses and necessary for a 3D analysis. One
of the existing tools for that task is pybkgmodel [98], a python package designed for
the CTAO, but usable in a slightly modified version also with MAGIC DL3 data. The
program takes DL3 FITS files as an input and estimates the background from the data.
Available methods for background estimation are the exclusion and wobble methods as
introduced in section 4.3.2.3. Moreover, pybkgmodel can be run in two modes: stacking
and run-wise mode. In the first, the output of the program is set to be a stacked
background model, averaged over all input runs; in the second a separate background
model for each run is computed, which is more accurate but can be problematic in terms
of statistics. Apart from this, settings that have to be specified in the input card include
the desired energy and spatial binning and in case the program is run with the exclusion
method also an exclusion region in ds9 format1.

The visualization of an example 3D background model, as obtained with pybkgmodel
is shown in Fig. 4.10. It displays 2D histograms of the background rate in 12 loga-
rithmic energy bins from 50 GeV to 50 TeV. The background rate is given in units of
MeV−1 s−1 sr−1 and the camera plane is divided in spatial bins of FoV longitude and
latitude. The program was run on Boomerang SNR observations from the MC period
ST.03.11 for these plots. Apart from the limited statistics at high energies, two effects
mentioned in section 4.2.2.1 can be verified in the histograms. The first is the asym-
metry of the measured background due to the eye-shaped region in which events inside
the MAGIC view cones are preferentially triggered. The second is the energy-related
depletion of the background rate in the center of the camera, when moving to higher
energies. It can also be seen that the available statistics in the highest energy bins is
very low in general, although the final .

1https://ds9.si.edu/doc/ref/region.html
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Figure 4.10: Example for a 3D background model from observations of the Boomerang
SNR. It is a background model produced with pybkgmodel for the period ST.03.11. It
contains 2D histograms of the background rate inside the camera FoV in 12 logarith-
mic energy bins between 50 GeV and 50 TeV. The background rate is given in units of
MeV−1 s−1 sr−1 and the camera plane is plotted in degrees of the FoV longitude and lat-
itude. Both the ellipticity of the background shape as well as the dipole-shaped feature
in the highest energy bin have been explained in section 4.2.2.1.
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4.3.2.6 Gammapy

Gammapy is an open-source software package written in python, designed for γ-ray as-
tronomy [41] and adopting the standardized data level policy defined in the GADF [37].

Data Storage - Observations and Datasets The two main classes for data storage
in gammapy are called Observation (DL3) and Dataset (DL4), both included in the
scheme in Fig. 4.11. The first corresponds to a single observing run and stores the
information about the energy, original direction, time of arrival and IRFs of all events.
The second contains reduced data of a certain kind, depending on the desired high-level
product. For instance, for a 1D analysis the SpectrumDataset and for a 3D analysis the
MapDataset are required and have been used for the corresponding parts of this work.

Figure 4.11: Scheme of the high-level data flow in gammapy, displaying the relevant
classes for data storage (first column, DL3), data reduction (second column), binned
data products (third column, DL4), modeling and fitting routines (fourth column) and
science products (last column, DL5). From [54].

Data Reduction - SpectrumDatasetMaker and MapDatasetMaker Makers in
gammapy are classes applied for the data reduction (see second column in Fig. 4.11), con-
verting Observations to Datasets. Corresponding to the desired high-level product, the
SpectrumDatasetMaker and the MapDatasetMaker are used to reduce Observations,
such that the events are binned in energy (and in sky coordinates for the MapDataset)
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and prepared for modeling and fitting. The makers also interpolate the exposure, back-
ground, PSF and energy dispersion on the chosen analysis geometry (for instance 1D or
3D) for each Observation. To make sure that only reliably reconstructed data is used,
the SafeMaskMaker can introduce further cuts in the considered data cube, for instance
based on the maximum offset to consider or the minimum desired effective area.

Figure 4.12: Illustration of the reflected regions background construction on an example
source, centered in the FoV of the event map. The ON region is drawn with a dashed
white circle, wobble positions are marked with two yellow circles and OFF regions,
constructed by the ReflectedRegionsFinder, are overlayed as red circles. From [21].

Background - ReflectedRegionsBackgroundMaker and FoVBackgroundMaker The
reflected regions background is a classical technique in γ-ray astronomy to esti-
mate the background in a 1D spectral analysis (in gammapy it is applied with the
ReflectedRegionsBackgroundMaker). As illustrated in Fig. 4.12, an ON region is de-
fined around the source position and reflected on the two wobble positions with the
ReflectedRegionsFinder to obtain the OFF regions from which the background counts
are taken. It is important to create exclusion regions that cover the expected emis-
sion regions to avoid a γ-ray signal in the background falsifying the estimate. The
underlying assumption of this method is the approximate radial symmetry of the back-
ground. For the case of a 3D analysis where the primary high-level products are sky
maps instead, I applied the FoVBackgroundMaker to the template background models,
previously produced with pybkgmodel. This step enables a re-normalization of the back-
ground cube to the data cube, and also an adaptation of the spectral distribution of the
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FoVBackgroundModel that is a PowerLawNormSpectralModel by default (defined in the
last paragraph of the section). Background estimation routines are applied in the form
of their corresponding makers during data reduction in gammapy (see second column in
Fig. 4.11).

Producing Spectra and Maps - FluxPointsEstimator and ExcessMapEstimator
The gammapy estimator classes make use of algorithms for hypothesis testing (mean-
ing that a reference model is evaluated against a null hypothesis) to realize flux and
significance estimation on datasets. The step corresponds to the transition from DL4
to DL5 (see fourth column in Fig. 4.11). The presented analysis of this thesis con-
tains flux points and flux maps in bins of the reconstructed energy that have been
estimated with the FluxPointsEstimator and the ExcessMapEstimator, respectively.
The ExcessMapEstimator thereby uses a Tophat2DKernel function to correlate the sig-
nal inside a certain radius and calculate a significance value for each point of the sky
map.

Likelihood fitting routines - Spectral and Spatial Models The gammapy mod-
eling and fitting routines (using the package iminuit) are based on a binned maximum
likelihood approach, explained generally in [77]. During a fit, the quantity calculated in
Eq. 4.7 is fitted to the data cube of a dataset binned in one or three dimensions (1D and
3D analysis), resulting in an optimization of the model parameters on the given data. In
a 3D analysis data is binned in energy (i) and in two sky coordinates (j and k) so that
any bin is labeled with three indices ijk. The number of observed counts nobs,ijk in the
ijk-th bin is expected to follow a Poisson distribution, yielding the probability density

Pijk =
N

nobs,ijk

ijk e−Nijk

nobs,ijk! . (4.8)

It represents the probability to observe nobs,ijk counts given the expected counts Nijk

from a model, where the latter corresponds to the predicted source counts in one bin
as calculated in the continuous form in Eq. 4.7 (different notation). The likelihood is
defined as the probability to observe the data D, assuming model parameters Λ to be
true [77]. It can be computed as the product of the individual Poisson distributions in
all bins according to

L(D | Λ) =
∏
i,j,k

Pijk =
∏
i,j,k

N
nobs,ijk

ijk e−Nijk

nobs,ijk! . (4.9)

Often the log-likelihood is used instead of the likelihood because the equation simplifies
to

ln L(D | Λ) =
∑
i,j,k

(nobs,ijk ln Nijk − Nijk − ln(nobs,ijk!)) =
∑
i,j,k

(nobs,ijk ln Nijk − Nijk)

(4.10)
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if one takes the natural logarithm and omits the last term, which is independent of the
model parameters and therefore not useful in the estimation [77]. Varying the assumed
model parameters Λ, the log-likelihood is maximized to find the optimized parameters
Λopt describing the data best. Repeating this procedure for different models, they can be
compared in terms of how well they describe the data. The Akaike Information Criterion
(AIC) is an indicator of the relative quality of statistical models applied to a given set
of data. It can be calculated from the maximized value of the likelihood function Lmax
and the number of free parameters called degrees of freedom (dof ) q [8]. Supposing a
set of candidate models to describe the data, the minimum AIC value will indicate the
preferred model. The AIC is computed as

AIC = 2q − 2 ln Lmax. (4.11)

Given the AIC values of two models, where AICmin is the criterion for the preferred
model (model 1) and AICi the criterion for the other model (model 2), the relative
probability p21 can be calculated. It is the probability of model 2 compared to model 1
and it is defined as

p21 = e
AICmin−AICi

2 . (4.12)

The significance of that probability can also be estimated via

σp =
√

∆AIC (4.13)

where ∆AIC = AICi − AICmin.

As mentioned before, the predicted model counts Nijk depend on the chosen spectral
and spatial parametrization ϕspec and ϕspat of the source. In my thesis, I relied on
several spectral and spatial models of gammapy for the modeling of the background and
the two analyzed sources (Crab Nebula and Boomerang SNR), which are defined in the
following:

• PowerLawSpectralModel: Used for the spectral modeling of the Boomerang SNR,
a simple power law spectral model is defined as

ϕspec(E) = ϕ0 ·
(

E

E0

)−Γ
, (4.14)

containing the flux amplitude ϕ0, the reference energy E0 and the spectral index
Γ.

• PowerLawNormSpectralModel: It is equivalent to the PowerLawSpectralModel
with a normalized amplitude ϕ0, then called norm. In the parameter naming
system in gammapy the index is also replaced with the tilt parameter, which will be
necessary knowledge in section 5.3.3. The PowerLawNormSpectralModel acts as a
spectral model for the 3D background in this work, being the default background
spectral model for such analyses in gammapy.
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• LogParabolaSpectralModel: The log parabola is defined as

ϕspec(E) = ϕ0

(
E

E0

)−α−β log
(

E
E0

)
(4.15)

with the flux amplitude ϕ0, the reference energy E0 and the spectral indices α and
β. It is the model best describing the well-characterized Crab Nebula spectrum
[15].

• PointSpatialModel: The model for a point source mathematically corresponds
to a δ-function defined as

ϕspat(lon, lat) = δ(lon − lon0, lat − lat0) (4.16)

where lon0 and lat0 are the two coordinates indicating the source position.

• GaussianSpatialModel: A Gaussian-shaped source emission is the most common
non-point-like case. The normalized function is defined as

ϕspat(lon, lat) = 1
2πσ2 exp

(
−1

2
θ2

σ2

)
. (4.17)

With the two coordinates lon and lat of a reference frame (icrs or galactic), the
length of the semi major axis of the Gaussian σ and the sky separation to the
model center θ, this 2D Gaussian is of symmetric nature. It can be adapted to an
asymmetric Gaussian In gammapy. In that case, one has two additional dimensions
of freedom, the eccentricity e (0 < e < 1) and the rotation angle ϕ of the semi
major axis. Both versions have been employed for the modeling of the Boomerang
SNR, the symmetric function also for the Crab Nebula.

4.3.3 Proprietary Framework - MARS

The MAGIC Analysis and Reconstruction Software (MARS) [82, 108] is a proprietary
software of the MAGIC collaboration used for the reduction and analyses of data taken
with the stereoscopic system of IACTs. It is a collection of programs and scripts written
in C++ and built on the ROOT framework [25]. The programs belonging to MARS that are of
importance for this work are listed and explained below, referring to the corresponding
standardized data levels as introduced in section 4.3.2.1. The automatic part of the
analysis takes care of raw data, performing the calibration and image cleaning, equivalent
to DL0 and DL1.

4.3.3.1 Quate

The application of data quality cuts is the first step of the analysis that is typically
done by an analyzer. It has the objective to select only good quality data and exclude
data taken under bad observing conditions, e. g., with poor atmospheric transmission.
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In MARS, this is done with the program quate, typically running on data at superstar
level (corresponds to DL1), but also applicable to melibea data (see next paragraph).
superstar is part of the automatically executed routine, while its output corresponds
to the first data level of Crab Nebula data processed in this work. For the selection, cuts
can be applied in transmission (measured by the LIDAR subsystem), in run duration
(to exclude runs with short exposure time), and in the measured Direct Current (DC)
of the pixels, based on the expected value during standard data taking. The latter can
reject accidentally triggered events, because it distinguishes in which case the measured
signal was unexpectedly bright, too bright for a Cherenkov light flash.

4.3.3.2 Melibea

The last step of low-level data analysis in MARS is done with a subroutine called melibea.
It has to be run both on the MC test data and the real data and uses RFs produced
with the dedicated program coach (and optionally a Lookup Table (LUT)) to reconstruct
direction, energy and hadronness parameters of all simulated and real events. The output
ROOT files correspond to DL2 in the standardized framework.

4.3.3.3 Odie

Odie is a program that produces so-called θ2-plots for an observation, which means it
estimates the significance of the signal coming from the source region. It also calculates
the aforementioned effective observation time (see section 2.3.1). A θ2-plot is made
counting the number of signal and background events in bins of the angular distance
from the reconstructed source position θ squared (example in Fig. 4.13a). Subsequently,
a cut in θ2 is applied to select an ON region centered on the source inside of which to
estimate the signal significance. The background counts are estimated from OFF regions
as explained in section 4.3.2.2 and the significance is then computed with Eq. 17 from
Li & Ma [70], assuming that ON and OFF counts follow Poisson distributions:

S =
√

2
{

NON ln
[1 + α

α

(
NON

NON + NOFF

)]
+ NOFF ln

[
(1 + α)

(
NOFF

NON + NOFF

)]}
,

(4.18)

where NON is the number of signal counts observed in the signal region, NOFF is the
number of background counts from the OFF regions, and α is the ratio of the OFF and
ON exposures, called normalization factor α (see Eq. 4.3).

Note that this specific high-level product is mostly useful for point-like sources with
a precisely known location, on which to center the ON region. In case of unknown
location or multiple sources in the FoV, the squared property of the x-axis makes the
interpretation of the result outside of the source region difficult. A different approach
for visualization is more convenient, as pointed out in the next paragraph.
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4.3.3.4 Caspar and SkyPrism

The two programs in MARS, which can be used to produce sky maps as high-level products
are called caspar and SkyPrism. A sky map is a 2D representation of the observed region
of the sky and can have multiple forms:

• Count map: Represents in which location in the sky the detector sees something.

• Significance map: Shows how significant the signal is in which region of the FoV,
where the significance is σ =

√
TS, expressed in terms of the Test Statistic (TS)

value.

• Flux map: Displays the measured signal in the sky region in physical quantities.

The necessity of this complementary representation of high-level data becomes clear,
looking at Fig. 4.13. The two plots are produced for a simulated sky region with
three bright point-like sources, which is immediately clear looking at the count map
(Fig. 4.13b), but difficult or impossible to recognize in the θ2-plot (Fig. 4.13a). Usually,
additional sources in the FoV are much fainter than the main source of interest, therefore
they are not detectable in a θ2-plot and might spoil the background normalization.
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Figure 4.13: θ2-plot (a) and sky map (b) of a simulated FoV containing three point-like
sources. To the right of the sky map a color bar indicates counts. The comparison
demonstrates the importance of sky maps as a high-level complementary product for
source detection, seeing as the three sources can easily be recognized in the sky map but
are smeared out in the θ2-plot if not located at the ON region center. From [97].

Caspar is a high-level program of MARS written in C++ capable of producing sky maps
starting from melibea files. Instead of accurately computing IRFs, it takes a more
simplified approach. From the OFF regions in the data, caspar computes a background
model and then randomly samples it to create a simple background expectation map [96].
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The latter is smoothed with a symmetric 2D Gaussian kernel σ, in most cases chosen to
be equal to the PSF of the system in the concerned energy range. Then, the background
map is confronted with the smoothed event map, yielding sky maps of different types.
The significance for each pixel is computed integrating the signal inside a Gaussian PSF,
centered on that pixel. In caspar, the two available background estimation methods are
the wobble and the blind method.

SkyPrism is a set of tools, based on C++ and python, aimed at the analysis of γ-ray
data with complex FoVs in an approach that considers and fits multiple spatial and
spectral source models simultaneously [96, 102]. Compared to caspar, it uses a more
advanced spatial likelihood approach for fitting and produces a complete set of IRFs
for the observations. It realizes asymmetric MC-based IRFs and includes a background
model that is not relying on an approximation. In comparison to caspar, it implements
one additional background method, the exclusion method. SkyPrism was not used in this
thesis, but is relevant to be mentioned for two reasons. Firstly, the analysis technique
is based on a likelihood approach, similar to gammapy. Secondly, a cross check of the
analysis published in the MAGIC paper about the Boomerang SNR [76] was performed
with SkyPrism.

4.3.4 Systematic Uncertainties

Apart from the statistical uncertainties propagating through the analysis chain there are
several systematic effects that require dedicated studies in IACT analysis. They arise
not only from the finite knowledge of certain important detector or ambient factors, such
as the light collection efficiency, the PMT performance, the atmosphere and the NSB
but also from the techniques inherent to data analysis, for instance the background esti-
mation and the conversion of ADC counts. Considering all these effects, the systematic
uncertainties on spectral measurements with the MAGIC telescopes and MARS as studied
in [15] are ≲ 15 % for the energy scale, 11 − 18 % on the flux normalization and ±0.15
on the spectral slope. The systematic uncertainty on the reconstructed source position
is ≲ 0.02 ◦. The MAGIC collaboration states a systematic uncertainty on the 1D back-
ground estimation of ≲ 1 %, which is reduced by a factor of two compared to before the
enlargement of the trigger region in 2012 [15]. For this specific analysis there are two
main additional systematic factors to consider. The first is the systematic uncertainty
arising from the computation of background models for the 3D analysis. An example for
a specific effect was found and shortly investigated in this work. It will be presented and
discussed in sections 5.3.3 and 5.5. The second is induced by the asymmetric nature of
the IRFs, which is however not yet realized as such in the GADF [38] and gammapy. In-
stead, IRFs are treated as radially symmetric quantities for the moment, although there
are ongoing efforts to include the feature in the GADF. One has to be aware of these
systematic uncertainties when evaluating and interpreting the results. Further studies
testing their effect on the results would be necessary to quantify the global impact they
have, but go beyond the scope of this thesis.
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Chapter 5

Results and Discussion

This chapter is dedicated to the presentation of my results from the analysis of Boomerang
SNR data taken with the MAGIC telescopes and their subsequent discussion. The lead-
ing idea of the project was to re-do the high-level analysis of archival data from a previous
publication about the Boomerang SNR [76] using a novel and improved technique that
is more appropriate for the analysis of extended sources, the 3D analysis. Additionally,
I set up a 1D analysis pipeline to cross check spectral results of the novel method with
a standard validated approach. I will present outcomes of a spectral and morphological
study, obtained with the analysis tools gammapy and pybkgmodel. The new elements of
this analysis were that I adopted a standardized data format (DL3) to execute a novel
3D analysis with next-generation open-source analysis software. This makes it one
of the first full spectro-morphological (3D) analyses with MAGIC data. The chapter can
be divided into three main lines of work: A high-level re-analysis of Boomerang SNR
data with MARS (section 5.1), testing the 3D analysis pipeline on Crab Nebula data (sec-
tion 5.3) and applying it to the Boomerang SNR (section 5.4). Finally, I will discuss the
impact of systematic uncertainties on my results, which are arising from the background
estimation.

5.1 High-Level Re-Analysis of Boomerang SNR Data with
MARS

The starting point for this work was to reproduce previously published results from [76]
with the standard analysis software MARS of the MAGIC collaboration. The most recent
versions of the software MARS and ROOT were used, being MARS-V3-1-0 and ROOT6. I re-
analyzed the dataset from the published study amounting to ∼ 122 h effective observation
time. For this purpose, I used melibea files (see section 4.3.3.2) provided by the analyzer
of the publication, directly employing the high-level programs odie (see section 4.3.3.3)
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and caspar (see section 4.3.3.4) instead of going back to DL1 data and running the
entire MARS analysis chain.

The dataset is composed of MAGIC data taken between 2017 and 2019. Correspondingly,
the observations belong to the analysis periods ST.03.07, ST.03.08, ST.03.09, ST.03.10
and ST.03.11. Observational conditions in ST.03.09 were similar enough to ST.03.07
that MCs were only produced for one of those periods. All data taken in ST.03.09
will therefore also be intended when talking about ST.03.07 in the following, since the
sample was effectively divided in four periods, combining ST.03.07 and ST.03.09. The
data covers a zenith range of 30 ◦ to 50 ◦ and an azimuth range of approximately 0 ◦

to 50 ◦ and 320 ◦ to 360 ◦. Diffuse MCs, provided by the previous analyzers, have a
maximum offset of 1.5 ◦ for ST.03.07, ST.03.08, and ST.03.10 and 2.5 ◦ for ST.03.11.
They are for the zenith ranges 5 ◦ to 35 ◦ (low zenith distance) and 35 ◦ to 50 ◦ (medium
zenith distance) enclosing the zenith range of the data sample. In 2017 (ST.03.07) several
nights of data were taken with one single wobble pair (W0.50+158 and W0.50+338),
amounting to ∼ 10 h. After that there was a slight change in the wobble angle of the
pair and a third wobble position was added to be observed in ON mode, interleaved
with the wobble pair (W0.50+160 and W0.50+340, W3). This detail about the wobble
configuration will become important later. The configuration with a single wobble pair
will be called wobble configuration 1 in the following. The three-wobble setup, used for
the majority of the observations, will be called wobble configuration 2.

5.1.1 Signal Significance with Odie
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Figure 5.1: θ2-plots of the reference Head (a) and Tail (b) region above 0.2 TeV, plotting
measured signal counts in blue in comparison to counts from the estimated background
in black. The background contribution below the black data points is shaded in gray.
A signal cut of 0.0256 deg2 was applied and is indicated with a dashed black line, yield-
ing a signal significance of the Head and Tail region above 0.2 TeV of 6.3 σ and 7.0 σ,
respectively.

Odie was run on the two substructures of the source identified in the previous study
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at energies above 0.2 TeV and specified in Tab. 1 of [76] (also relisted in the last rows
of Tab. 5.10 and 5.11). In the following, they will be denoted as reference Head and
Tail to distinguish from the positions and extensions obtained in this work, the Head
and Tail (this work). Following the steps of the publication, the goal was to estimate
the combined signal of each of these distinct emitting regions to assess the significance
of it. I show two reproduced θ2-plots in Fig. 5.1, containing the significance of the
signal of the reference Head and Tail region from my re-analysis. The plots are both for
energies above 0.2 TeV and a signal cut of (0.16 deg)2 = 0.0256 deg2 (dashed black line in
Fig. 5.1), corresponding to the signal inside a circular aperture defined as the extension
of the reference Head and Tail positions in [76]. With these settings, the reference Head
region reaches a signal significance of 6.3 σ and the reference Tail region reaches 7.0 σ.
Both are above the detection threshold of 5 σ and in agreement with the 6.2 σ (reference
Head) and 6.9 σ (reference Tail) in [76]. Note that the θ2-plots show a clear indication for
extended emission since the signal visibly stays elevated above the background beyond
the chosen cut for signal integration.

5.1.2 Sky Maps with Caspar

With caspar, I introduced a slight change in the analysis, as compared to [76]. The
dataset is split into two parts (wobble configuration 1 and 2 mentioned in section 5.1),
and treated separately to assure that the complex wobble setup is correctly taken into
account. Subsequently, the sky maps are stacked with an additional run of the program.
While the energy threshold in [76] was set at 0.2 TeV, I here present results obtained
with 0.2 TeV and additionally with a higher energy threshold of 0.4 TeV, as applied in
the gammapy analysis. The reason for this change in energy threshold is that the original
one was found to introduce visible systematic features in the significance histograms of
the gammapy analysis, as will be seen below. On the other hand, the effect of a higher
threshold on the morphology was found to be minimal. In Fig. 5.2 one can find the
reprinted significance maps from [76]. Two significance maps for the old threshold of
0.2 TeV, as produced in this work, are shown in Fig. 5.3. The reproduced significance
maps for the new threshold that will be compared to the gammapy maps are shown in
Fig. 5.4. They are for the energy ranges 0.4 - 30 TeV (top left), 0.4 - 1.06 TeV (top
right), 1.06 - 5.65 TeV (bottom left) and 5.65 - 30 TeV (bottom right). Note that there
is a small but negligible difference compared to the energy ranges in Fig. 5.2, because
I chose to use classic logarithmic energy binning, as was done for the SkyPrism cross
check by the previous analyzers. Tab. 5.1 lists the PSF values used for the computation
of the significance maps in the MAGIC publication and in this work. As can be seen
in the table, the PSF is larger for low energies and smaller for high energies, at which
the spatial resolution of the telescopes is enhanced. The Gaussian smoothing kernel σ
was set to be equal to the PSF in each energy bin, therefore it is not listed separately.
The color gradient for indicating the significance in caspar is not continuous, e. g., see
Fig. 5.4). Instead, it is tuned such that a pixel with a significance below 3 σ is drawn
in blue, a pixel with a significance between 3 σ and 5 σ, corresponding to a hint of
emission, is colored red and a pixel with a significance above the detection threshold of
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Figure 5.2: Caspar significance maps of the Boomerang SNR reprinted from the MAGIC
publication [76]. The four maps are for energy ranges > 0.2 TeV (a), 0.2 - 1.1 TeV (b), 1.1
- 6.0 TeV (c) and 6.0 - 30 TeV (d). The PSF is indicated as a white circle at the bottom
left of each panel. The three pointing positions of wobble configuration 2 are indicated
with white rectangular markers in the top left panel. In the same panel, the position of
the Boomerang pulsar PSR J2229+6114 is indicated with an empty yellow cross while
the reference Head and Tail positions are enclosed in white dashed circles. Cyan contour
lines in all panels trace the radio continuum emission at 408 MHz from [88], while green
contour lines represent CO12 (J = 1 − 0) line emission in the radial velocity range from
−6.41 to −3.94 km s−1 [69]. Several more emission centroids and regions, as reported by
other γ-ray experiments, are indicated with yellow and green markers and shapes. For
more detailed information the reader can consult [76].
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Figure 5.3: Caspar significance maps of the Boomerang SNR produced in this work for
an energy threshold of 0.2 TeV: the full range between 0.2 TeV and 30.0 TeV (left panel)
and the low energies between 0.2 TeV and 1.06 TeV (right panel). The PSF is indicated
as a white circle at the bottom left of each panel. The three pointing positions of wobble
configuration 2 are marked in each panel with a filled green square (W1), empty purple
triangle (W2) and filled blue circle (W3). The position of the Boomerang pulsar PSR
J2229+6114 is indicated with an empty gray cross while the reference Head and Tail
positions are shown with an empty gray star and an empty green cross, respectively.

0.4 - 30 TeV 0.4 - 1.06 TeV 1.06 - 5.65 TeV 5.65 - 30 TeV
caspar PSF [◦] /
smoothing kernel 0.053 0.071 0.046 0.046

gammapy
correlation radius [◦] 0.078 0.104 0.068 0.068

Table 5.1: PSF values (caspar) and correlation radii (gammapy) used for the computation
of the significance maps in Fig. 5.3, 5.4, 5.5 and 5.11. They are listed together with the
corresponding energy interval. Correlation radii were computed based on the PSF values
according to section 5.2.

5 σ is displayed in yellow. This will become relevant for a comparison with the gammapy
sky maps.

In the left panel of Fig. 5.3 and the top left panel of Fig. 5.4 both the reference Head and
Tail regions, indicated with an empty gray star and an empty green cross, respectively,
show a significant signal in the form of two hot spots at the respective positions. The
signal reaches a maximum of 8 σ around these locations. The two maps above 0.2 TeV in
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Figure 5.4: Caspar significance maps of the Boomerang SNR produced in this work. The
four maps are for the energy ranges of 0.4 - 30 TeV (top left), 0.4 - 1.06 TeV (top right),
1.06 - 5.65 TeV (bottom left) and 5.65 - 30 TeV (bottom right). The PSF is indicated as
a white circle at the bottom left of each panel. The three pointing positions of wobble
configuration 2 are marked in each panel with a filled green square (W1), empty purple
triangle (W2) and filled blue circle (W3). The position of the Boomerang pulsar PSR
J2229+6114 is indicated with an empty gray cross while the reference Head and Tail
positions are shown with a empty gray star and an empty green cross, respectively.
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Fig. 5.3 are well compatible with the top panels in Fig. 5.2. Comparing the publication
with the top panels in Fig. 5.4, there is only a minor change in the morphology of
the Boomerang SNR, moving from a threshold of 0.2 TeV to 0.4 TeV. The single round
hotspot in panel (b) of Fig. 5.2 and on the right panel of Fig. 5.3 becomes slightly
more elongated and shifts its position from the reference Head towards the reference
Tail region for a threshold of 0.4 TeV (top right panel of Fig. 5.4). Now viewing the
top right and the bottom panels in Fig. 5.4, one can see that the source clearly exhibits
an energy-dependent morphology. The emission region is visibly larger than the PSF,
indicating that it is possible to resolve several structures of the source with the MAGIC
telescopes. The signal of the γ-ray emission gradually shifts from the reference Head to
the reference Tail, going from low to high energies. In the medium energy bin in the
bottom left panel of Fig. 5.4 the emission spans the whole length of the SNR and it seems
to be the dominating contribution to the overall emission. With the highest energies in
the bottom right panel, the signal reaches a maximum of 6 σ at the reference Tail region,
whereas there is only a hint for emission in the reference Head region. In general, I
find a good agreement between the results of my re-analysis (see Fig. 5.3 and 5.4) and
the published maps (see Fig. 5.2), considering all the morphological elements that have
been described. It seems there is a marginal difference in the overall significance of the
signal, being ∼ 1 − 2 σ higher for the maps of this work. A variation of that amplitude
can be considered to arise from fluctuations and systematic uncertainties introduced
by the limited suitability of the caspar program for analyses of extended sources and
its approximative approach, and is therefore not significant. Concerning the modified
treatment of the two wobble configurations in the caspar analysis, no significant change
in the morphology could be distinguished. This was somewhat expected since the wobble
pairs of the two configurations differ only by 2 ◦ in wobble angle.

5.2 The 3D and 1D Analysis Pipelines

In this section, I will specify all the analysis settings and cuts that are part of the
performed 3D and 1D analyses of the Crab Nebula and the Boomerang SNR. The pipeline
takes MAGIC proprietary melibea files as input and produces all the high-level products
considered in this study, e. g., significance maps, spectra from 3D and 1D analyses and
optimized parameters of spectral and spatial models, fitted in the framework of 3D
modeling and fitting procedures. The processing starts with the conversion of ROOT files
to the standardized DL3 format.

Running the DL3 Converter, I specified a zenith range of 30 ◦ to 50 ◦ corresponding to
the range in which the data lies and applied a hadronness cut of 0.325. This choice
was made based on the following argument: For a 3D analysis the primary objective
is to model and fit the remaining background, which becomes increasingly difficult for
poor statistics. Therefore, a good hadronness parameter is not only constrained from
below (a stricter hadronness cut leads to less hadronic events), but also from above
(more hadronic events are better for a feasible and precise modeling of the background).
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For a recommended hadronness efficiency of 0.85 in SkyPrism, the maximum returned
hadronness cut was 0.325 and is the value I used. An optimization of the hadronness
cut is in general important, but goes beyond the scope of this thesis, for which this
approximation will be sufficient. I also applied a standard size cut of 50 photoelectrons,
where the Hillas parameter size was introduced in section 2.2.3.4. The full-enclosure
IRFs (the three main IRFs listed in section 4.3.2.4) were computed with a binning of
4 bins per decade on an estimated energy range of 50 GeV to 50 TeV, resulting in 12
bins in estimated energy and 15 bins in true energy with a ratio of estimated to true
energy bins of 0.8. They were produced up to a maximum offset from the camera center
of 1.5 ◦, considering that the MC simulations only provide reliable reconstruction up to
that same maximum offset for two of the three periods.

At this point, the 3D and 1D analysis chains start to diverge. The main processing
branch for this project was the 3D approach. However, I performed also a 1D spectral
analysis with the given dataset in gammapy. While data from DL3 files can directly be
reduced and fitted with spectral models in gammapy in the 1D geometry, the 3D analysis
requires an intermediate step for the production of background models.

For the 3D case, I generated background maps for every period separately. Pybkgmodel
was run with a stacked exclusion method. For the Crab Nebula, a circular exclusion re-
gion covering the whole emission region was set. For the Boomerang SNR, I chose an
elliptical exclusion region covering the γ-ray emission as seen by MAGIC [76]. Spec-
ifications about the exclusion regions are given in Tab. 5.2, where the parameters in
the last column are stated in ds9 format1 as required in pybkgmodel. Furthermore, I
chose the same energy binning as for the IRF production, a quadratic camera field of
6 ◦ × 6 ◦ centered on the camera center and a spatial bin size of 0.3 ◦ in FoV longitude
and latitude.

Having produced a template background model for each period, the background infor-
mation was merged with the corresponding DL3 data run by run in gammapy to allow
for subsequent data reduction and high-level analysis. In the following, I will shortly
comment on the specifics of my 3D data reduction chain, making use of the gammapy

1https://ds9.si.edu/doc/ref/region.html

Source Exclusion Ra [◦] Dec [◦] Parameters
Crab Nebula circular 83.63 22.01 radius [◦]: 0.4

Boomerang SNR elliptical 336.88 60.94
semi-major axis [◦]: 0.59
semi-minor axis [◦]: 0.38
position angle [◦]: 130.0

Table 5.2: Exclusion regions applied in pybkgmodel and gammapy for the 3D analysis
of the Crab Nebula and the Boomerang SNR. The region type is listed along with its
center coordinates Ra/Dec and its parametrization in the ds9 format.
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classes and spectral and spatial models defined in section 4.3.2.6. In the final parameter
configuration of the analysis presented here, I set a spatial binsize of 0.02 ◦ and a lower
energy threshold of 0.4 TeV (this choice will be explained and discussed in section 5.3.1).
Each data run was reduced with the MapDatasetMaker, imposing a binned 3D geometry
on the data. Additionally, I used the SafeMaskMaker to make a safe data range mask
up to 1.5 ◦ maximum offset. I also set the safe mask for the effective area to be larger
than 10 % of the maximum effective area, thereby introducing a lower energy threshold
excluding energies at which the sensitivity is too low. The latter was done to assure
the use of good quality data, but was found to not change the result, since the con-
cerned data range was already excluded by the chosen lower energy threshold of 0.4 TeV.
Furthermore, I required the FoVBackgroundModel to introduce a background spectral
model, the PowerLawNormSpectralModel, using the default tilt value of 0. Running the
FoVBackgroundMaker on each Observation with the fit method, the 3D background
models from pybkgmodel were re-normalized to the given data. After running the three
Makers, the resulting MapDatasets were stacked to produce a single MapDataset. Dur-
ing the stacking process IRFs are averaged. To avoid this, one would have to perform a
joint instead of a stacked analysis in gammapy, fitting all datasets simultaneously with-
out combining them. The main reason why this is not possible for faint sources like the
Boomerang SNR is the lack of statistics. Accordingly, the stacked analysis was chosen,
while keeping in mind the systematic effects that can be introduced by averaged IRFs.
Starting from the stacked dataset, I ran the ExcessMapEstimator to produce sky maps
for energy ranges listed along with their applied correlation radii in Tab. 5.1. The values
of the correlation radii derive from the caspar PSF applied in the published analysis
[76]. The objective was to match the amount of details in the gammapy and caspar sky
maps. PSF values in MARS cannot be directly used as correlation radii in gammapy, since
the two programs intrinsically adopt two different functions for correlating the signal.
Caspar applies a 2D Gaussian whereas gammapy uses a Tophat2DKernel to calculate
that significance. I maximized the common surface of these two normalized functions
and got an adapted correlation radius for each value of the PSF used in caspar. In
parallel to the sky maps, I also defined and fitted spectral and spatial models using
the combined maximum likelihood technique. For all models, the norm parameter of
the PowerLawNormSpectralModel for the background was fitted simultaneously. All
fits were done in the energy range from 0.4 TeV to 30 TeV. Finally, I produced an SED
running the FluxPointsEstimator on my MapDataset.

For the 1D case, I created and ran a SpectrumDatasetMaker on my Observations,
reducing them to SpectrumDatasets and finally stacking them to get a single
SpectrumDataset. Inside of the region chosen for spectrum fitting and flux points
extraction the IRFs were averaged, instead of assuming IRF values from one single po-
sition. I set an energy threshold of 0.4 TeV and also applied the SafeMaskMaker with
the same effective area cut as for the 3D data reduction. The FoVBackgroundMaker
was replaced by the ReflectedRegionsBackgroundMaker and provided with the source
exclusion region listed in Tab. 5.2. Finally, I performed a spectral fit in the energy
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range from 0.4 TeV to 30 TeV on the stacked dataset and produced an SED running the
FluxPointsEstimator.

5.3 Testing the Pipeline on Crab Nebula Data

To date, the Crab Nebula is one of the strongest and most stable sources detected in
VHE γ-rays. It is also the most extensively studied and best-characterized source in
this field, which is why it is suited for cross checks. Aiming at a validation of the 3D
analysis pipeline, I started with Crab Nebula data at superstar level. For reasons of
comparability the data was selected to match the specifications of the sample from the
Boomerang SNR, such as the zenith range and MC periods. There was not enough
Crab Nebula data available for period ST.03.08 (since it lasted only three months),
so the period was excluded. While the Crab Nebula is a point source, the purpose
of testing the 3D analysis pipeline required the use of diffuse MC simulations for its
analysis. Therefore, I chose the same MC test productions as originally employed for
the published analysis of the Boomerang SNR.

I applied the below listed cuts for data selection with quate (see section 4.3.3.1):

• A standard maximum DC cut of 3000 mA.

• A minimum duration cut of 10 min.

• A LIDAR transmission cut of 0.85 for the transmission at 9 km from the telescopes.
I requested to keep only data that has simultaneous transmission measurements,
to be conservative for the test data sample. All runs with missing LIDAR mea-
surements were therefore excluded.

This selection results in a total of 29.5 h of good quality data from the Crab Nebula;
18.9 h for ST.03.07, 2.3 h for ST.03.10 and 8.3 h for ST.03.11.

Before moving to a standardized format, the selected sample was processed with melibea
to reconstruct energy, direction and hadronness of each event. RFs, needed in the
computation, were provided by the previous analyzers of the Boomerang SNR project.
Note that special attention was paid to select the correct test MC samples for this step,
the samples that were not used to train the RF.

5.3.1 Sky Maps

In Fig. 5.5, the Crab Nebula is seen as a bright spot approximately centered on the
position of the Crab pulsar, indicated with the green star in each panel. The signal
significance in the center of the top left panel (0.4 - 30 TeV) reaches values as high as
175 σ. Consecutively inspecting the top right, bottom left and bottom right panel of
Fig. 5.5, it is visible that the flux falls quickly for increasing energy, due to less efficient
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Figure 5.5: Gammapy significance maps of the Crab Nebula. The four maps are for the
energy ranges of 0.4 - 30 TeV (top left), 0.4 - 1.06 TeV (top right), 1.06 - 5.65 TeV (bottom
left) and 5.65 - 30 TeV (bottom right). In each panel, the position of the Crab pulsar is
marked with a green star and the circular exclusion region used during the analysis is
enclosed by a red line. The significance of the signal is indicated with a color bar to the
right of each panel.

acceleration mechanisms of γ-ray-emitting particles and also decreasing sensitivity of
the telescopes. The size of the central emission becomes smaller with increasing energy,
because the angular resolution (the PSF of the system) improves at higher energies.
One more element has to be noted in the bottom right panel of Fig. 5.5, which is an
asymmetry of the central hotspot. As explained in section 4.3.4, gammapy does not take
into account asymmetric IRFs, although in second approximation they are expected to
have asymmetric behavior in general. The asymmetric shape is therefore expected to be
due to a lack of precision in the IRF description. For the sake of this work the symmetric
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approximation works fine enough.

Another way to assess a signal strength and detect potential systematic effects in an
analysis is to look at the significance histograms of a significance map, as presented in
Fig. 5.6. Analogous to Fig. 5.5, the four panels correspond to the four already specified
energy ranges. In each panel, the background distribution of significance values is drawn
in blue (labeled off bins) and the total distribution is drawn in salmon (labeled all
bins). In all the histograms, one can see a clear signal that is incompatible with only
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Figure 5.6: Normalized signal and background significance histograms of the Crab Neb-
ula. The four maps are for the energy ranges of 0.4 - 30 TeV (top left), 0.4 - 1.06 TeV (top
right), 1.06 - 5.65 TeV (bottom left) and 5.65 - 30 TeV (bottom right). In each panel, the
background distribution of significance values is plotted in blue color (labeled off bins)
and the total distribution in salmon color (labeled all bins). The background is fitted
with a Gaussian function (fit indicated with a black line), yielding a mean value µ and
a standard deviation σ (printed in black).
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a background distribution. The choice of the energy threshold of 0.4 TeV, compared
to the original threshold of 0.2 TeV, is based on an effect that was discovered in these
histograms. With the original threshold, I found an asymmetric feature in the lowest
energy range (0.2 TeV to 1.06 TeV) of the background significance distribution both for
the Crab Nebula and the Boomerang SNR. The effect was much stronger for the SNR,
due to the larger dataset of more than 100 h of observations, but also clearly visible for
the Crab Nebula, as shown in the left panel of Fig. 5.7. Successively, the particularity
in the shape of the distribution could be removed in both datasets by applying a higher
energy threshold, see right panel of Fig. 5.7. The effect could be explained by the fact
that the computation of the IRFs marginally differs between the MARS routines and the
DL3 converter, possibly demanding for a more conservative threshold in gammapy.
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Figure 5.7: Background significance histograms of the Crab Nebula for 0.2 TeV (left)
and 0.4 TeV (right) energy threshold. In each panel, the background distribution of
significance values is plotted in blue color (labeled off bins). The background is fitted
with a Gaussian function (fit indicated with a black line), yielding a mean value µ and
a standard deviation σ (printed in black). The left panel shows an asymmetric feature
at the left end of the background distribution.

The mean µ and standard deviation σ of a background signal distribution are expected to
be µ = 0 and σ = 1.0. While the standard deviation in the histograms in Fig. 5.6 fulfills
this behavior (excluding fluctuations due to statistics) the mean µ seems to shift from
negative to increasingly positive values for increasing energy. It goes from µ = −0.27 in
the top right panel to µ = 0.09 in the bottom left panel to µ = 0.58 in the bottom right
panel. Uncertainty intervals of the order of ∼ 0.01 on the mean were found to not solve
this discrepancy. It will be further investigated and discussed in sections 5.3.3 and 5.5.

Before moving to the results obtained by modeling and fitting the data, I would like
to stress that identifying effects such as the asymmetric feature at low energies and
the systematic shift of the mean in the significance histogram of the background was
the main motivating factor for a test of the 3D analysis pipeline on Crab Nebula data.
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Thus, I was able to rule out, that these effects were specific to my source of interest,
the Boomerang SNR, and to conclude that they are more likely linked to a systematic
influence in the analysis.

5.3.2 Spectral and Spatial Analysis

In general, the Crab Nebula spectral model for all analyses was chosen to be a
LogParabolaSpectralModel (lp) including an amplitude ϕ0 and two spectral indices
α and β as free parameters. Performing the 3D analysis, I fitted two different spatial
models; a PointSpatialModel (point) entirely described by two spatial coordinates
(Ra/Dec) and a symmetric GaussianSpatialModel (sym. gauss), involving a Gaussian
width parameter σ in addition to the coordinates. The main spectral and spatial results
of this work on the Crab Nebula are visualized in Fig. 5.8 (fitted spectra and flux points
from 3D and 1D analyses) and Fig. 5.9 (Gaussian spatial model superposed on a full
range significance map) and quantified in the form of spectral and spatial fit parameters
in Tab. 5.3 and 5.4.

In Fig. 5.8, I plot the spectrum of the Crab Nebula, as obtained with different analysis
methods. In the top panel, it contains the fitted spectrum in the range from 0.4 TeV
to 30 TeV from a 3D point-like analysis (light blue), from a 3D Gaussian analysis (navy
blue) and from a 1D spectral analysis (dark blue). Moreover, I show the Crab Nebula
spectrum from the performance study of the MAGIC telescopes in red [15] and the 3D
and 1D flux points/ULs in yellow and orange, respectively. The shaded gray band around
each curve indicates the error region. The lower panel plots the residuals, computed as
the difference between the obtained model and the reference model, divided by the
obtained flux errors. While the agreement between all the curves and the flux points is
very good at low energies, the 1D fit falls a bit more rapidly above several TeV. The error
bands of the fitted models at these energies are almost touching but not overlapping.
The SED points from 3D and 1D analysis above 10 TeV are slightly shifted to lower
or higher flux values and might be due to systematic uncertainties not fully propagated
through the analysis. In general, these SED points have to be considered with much care,
due to the very approximative method with which they were estimated. Instead, the
butterfly areas around a fit are more suitable to evaluate a spectrum. Particularly the
3D Gaussian analysis performs very well under that aspect, reproducing almost exactly
the MAGIC reference spectrum from Aleksić et al. [15], judging from its spectrum
and residuals. Also the 3D point-like analysis is compatible inside the error bands.
To compare the models, we can also look at the spectral results in numbers stated in
Tab. 5.3. The reference spectral parameters from [15] are listed in the last row of the
table. Fitted values of the amplitude ϕ0 and the two spectral indices α and β10 of the
LogParabolaSpectralModel are stated along with statistical error confidence intervals.
β10 refers to the spectral index in the log10 notation, to distinguish between the two
common parametrizations of the LogParabolaSpectralModel; one based on the natural
logarithm and one based on the log10. Considering only the statistical uncertainties,
the uncertainty intervals of the measured amplitudes do not always strictly overlap,
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Figure 5.8: LogParabola spectrum of the Crab Nebula from 3D and 1D analyses (in
shades of blue), together with 3D and 1D flux points/Upper Limits (ULs) (yellow and
orange) and a reference spectrum [15] (red). The bottom panel displays the residuals
of the fits, calculated as the difference between the obtained model and the reference
model, divided by the obtained flux errors. The plot contains the 3D point-like fit in
light blue, the 3D Gaussian fit in navy blue and the 1D purely spectral fit in dark blue.
Data has been considered in the energy range 0.4 - 30 TeV for each fit and error bands
are drawn in gray around the optimized model curve. The 3D Gaussian fit comes with
the smallest residuals.

though they do in most cases. The spectral indices are not directly comparable, since a
change in α can compensate for a change in β if both are left free. However, they are
in general consistent, being of the same order of magnitude. Again, the 3D Gaussian
parameters show the best performance compared to the reference spectral parameters.
Taking into account systematic uncertainties stated in section 4.3.4, which amount to
around ∼ 0.50 × 10−11 cm−2 s−1 TeV−1 for the amplitude (from the 11 - 18 % systematic
uncertainty on the flux normalization) and to 0.15 for the spectral indices, all results
from the 3D analyses and the 1D analysis are consistent among themselves and also with
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the reference values. In the next paragraph, I will discuss how the Gaussian and the
point-like 3D model can be further confronted not only in terms of the spectral part.

Φspat Φspec ϕ0 [cm−2 s−1 TeV−1] α β10
3D point lp (3.00 ± 0.05) × 10−11 2.53 ± 0.02 0.13 ± 0.04
3D gauss lp (3.13 ± 0.05) × 10−11 2.50 ± 0.02 0.20 ± 0.04
1D - lp (3.03 ± 0.05) × 10−11 2.49 ± 0.02 0.29 ± 0.05

1D [15] - lp (3.39 ± 0.09stat × 10−11) 2.51 ± 0.02stat 0.21 ± 0.03stat

Table 5.3: Spectral fit results for the Crab Nebula, obtained with a 3D point-like, a
3D Gaussian and a 1D spectral modeling. In the last row, reference values of the Crab
Nebula spectrum from [15] are given. The table states the type of spatial model Φspat,
the type of spectral model Φspec and the three describing parameters: the amplitude ϕ0
and the spectral indices α and β10. β10 denotes the spectral index in the log10 notation.
All spectral models are given at a reference energy of E0 = 1.0 TeV.

Φspat Ra [◦] Dec [◦] σ [◦]
3D point 83.6312 ± 0.0006 22.0189 ± 0.0005 -
3D gauss 83.6306 ± 0.0007 22.0194 ± 0.0006 0.0239 ± 0.0008

Table 5.4: Spatial fit results for the Crab Nebula, obtained with a 3D point-like and
a 3D Gaussian modeling. The table states the type of spatial model Φspat, the fitted
coordinates Ra/Dec and the width of the Gaussian fit σ, if applicable.

The results of a model quality assessment with the AIC (defined in section 4.3.2.6) for
the Crab Nebula are shown in Tab. 5.5, confronting a point-like and a Gaussian spatial
model. Compared to the classical likelihood ratio test using Wilk’s theorem, the AIC is
applicable for model comparisons of two models that are not necessarily nested. Since
not all spatial models tried on the Boomerang SNR were nested, I had to use the AIC for
the performed model quality tests to be consistent. For each statistical model Tab. 5.5
states the value of −2×log(Lmax) as returned by the fitting procedure, the number of dof
and the calculated AIC. With an AIC of 33261.98 compared to 33486.97, the Gaussian
model is preferred. This supports the qualitative results from the spatial fit residuals
of both models, as shown in Fig. A.17 and Fig. A.15 of appendix A. Using Eq. 4.12, I
estimated that the point-like model is 10−49 times as probable as the Gaussian model,
meaning that the probability is compatible with p21 = 0. Then, applying Eq. 4.13, I
found the significance of that probability to be as high as 15.0 σ.

Considering only the spectrum the 3D point-like fit seems to be reasonably compatible
with the reference Crab Nebula spectrum and the 3D Gaussian fit. However, taking
into account the non-homogeneous spatial residuals of the point-like fit in Fig. A.17 and
a model quality comparison of the Gaussian and point-like model with the AIC, the
Gaussian description of the data eventually was found to be much more probable and
preferred over the point-like description.
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Φspat Φspec −2 × log(Lmax) dof AIC
gauss lp 33249.98 6 33261.98
point lp 33476.97 5 33486.97

Table 5.5: AIC for two spatial models of the Crab Nebula: the point-like model (point)
and the Gaussian model (gauss). AIC values are computed from the maximized log-
likelihood values log(Lmax) and the number of dof of the total fitted model, includ-
ing spatial and spectral components. For the spectral component of both models a
LogParabola (lp) was used.

The spatial results of the preferred 3D Gaussian analysis are plotted in Fig. 5.9 and
given in numbers in Tab. 5.4. Also the coordinate fit of the point-like case is listed in
the table. The fitted positions of the Crab Nebula are in very good agreement with
each other, as well as with the values from the SIMBAD Astronomical database2: Ra

2http://simbad.cds.unistra.fr/simbad/
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Figure 5.9: Superposition of the Gaussian spatial fit result on a gammapy significance
map of the Crab Nebula for the full range between 0.4 TeV to 30 TeV. The exclusion
region used for the analysis is drawn in red, the Crab pulsar is marked with a green
star and the 1 σ contour of a 3D Gaussian fit to the data is plotted in blue, being
σ = (0.0239 ± 0.0008) ◦.
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= 83.63 ◦, Dec = 22.01 ◦. The 3D Gaussian approach also yielded a Gaussian exten-
sion parameter of σ = (0.0239 ± 0.0008) ◦ corresponding to a 68 % containment radius of
r68 = (0.036±0.001stat) ◦ for the Crab Nebula (see Tab. 5.6). The systematic uncertainty
on the pointing accuracy of the MAGIC telescopes is ≲ 0.02 ◦ [15]. The Gaussian σ of
the measured extension slightly exceeds this pointing accuracy, hinting at the measured
extension being an actual physical extension and not only resulting from inaccuracies
in the pointing. While this may not suffice to unambiguously claim the detection of
extended emission from the Crab Nebula, it sets the most stringent UL for the Crab
Nebula extension ever measured by the MAGIC telescopes. The last such measurement
by MAGIC was reported in 2008, with an upper limit for the Gaussian extension σ of
2.2′ ∼ 0.037 ◦ [11]. To date, only a few measurements of the extension of this source in
the HE and VHE regime have been done, which are listed in Tab. 5.6 for comparison.
The Fermi-LAT collaboration in 2018 reported the first positive measurement of the
Crab extension [6]. For the Crab Nebula they state a 68 % containment radius of the
best-fit Gaussian model of r68 = 0.030 ◦, where data has been considered in the range
from 1 GeV to 1 TeV. They were followed in 2020 by a publication from H.E.S.S. [56],
stating a Gaussian width of σ = 52.2 ′′, which corresponds to a 68 % containment radius
in degrees of r68 = 0.022 ◦ between 0.7 TeV and 30 TeV. The most recent investigation,
however, came out in 2024 as a combined study of the energy-dependent extension of
the Crab Nebula by Fermi-LAT and H.E.S.S. [7]. In this article, the Crab Nebula exten-
sion was re-measured independently by both experiments, using the gammapy package
instead of the respective proprietary software. The publication quotes an extension of
around r68 = 0.014 ◦ with H.E.S.S. above 10 TeV and an extension of r68 = 0.035 ◦ with
Fermi-LAT above 1 GeV. Additionally, they combined the two datasets and performed
an energy-dependent study of the Crab Nebula extension. Looking at the reported val-
ues in Tab. 5.6, it is evident that the UL I provided should be on the verge of a detection,
if previous measurements of Fermi-LAT and H.E.S.S. are to be trusted.

Energy range r68 [◦] ∆r68 [◦]
Fermi-LAT (2018) 1 GeV - 1 TeV 0.030 ±0.003stat ±0.007sys
Fermi-LAT (2024) > 1 GeV 0.035 ±0.003stat
MAGIC UL (2008) > 500 GeV 0.055 -

MAGIC UL (this work) 0.4 TeV - 30 TeV 0.036 ±0.001stat
H.E.S.S. (2020) 0.7 TeV - 30 TeV 0.022 ±0.001stat ±0.003sys
H.E.S.S. (2024) > 10 TeV 0.014 ±0.005stat

Table 5.6: Extension measurements and ULs of the Crab Nebula in HE and VHE γ-
rays, reported by Fermi-LAT, H.E.S.S. and in this work. The table lists the energy
range of the measurement, the 68 % containment radius of the fitted 2D Gaussian and
the uncertainty interval. ULs are labeled as such.

Concluding, the test of the 3D analysis pipeline with Crab Nebula data has been success-
ful. The reasonable results for the spectra and sky maps of the Crab Nebula validated
the 3D analysis pipeline for usage on other sources. Furthermore, two systematic effects
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could be identified, being the asymmetric feature in the background histograms at low
energy and the systematic shift of the mean in the background significance histograms.
Both are related to the background and the former could also be reduced as a conse-
quence. For the description of the emission, a Gaussian spatial model is clearly preferred
over a point source model. Using the 3D analysis, I was able to set the most stringent
UL for the extension of the Crab Nebula with MAGIC data so far. The UL is com-
patible with actual measurements by H.E.S.S. and Fermi-LAT and seems to be on the
verge of a detection. With a typical resolution of around 0.07 ◦, IACTs are not able to
directly measure the extension of sources below that limit, but my result demonstrates
that it may be possible to reveal the extension of marginally extended sources with novel
analysis techniques, such as the 3D analysis.

5.3.3 Study of the Spectral Tilt Parameter of the Background

As mentioned in section 5.3.1, I found that the mean of the background significance
histograms was systematically shifted to higher values with increasing energy. It is most
probable that the effect is related to the background estimation or treatment in the 3D
analysis chain. Given the novel analysis technique, the background is at the moment
a major unknown influence on the systematic uncertainties and will require detailed
studies, which go beyond the scope of this work. Here, I will give a glimpse at a brief
supplementary check done in this work to identify if the background spectral model
parameters could be at the origin of the systematic shift of the mean in the background
significance histograms.

For this purpose, I repeatedly ran the 3D analysis pipeline described in section 5.2 on
the Crab Nebula, keeping all the specified settings, but varying the tilt parameter of
the background’s PowerLawNormSpectralModel. The values I tried are the following: 0,
−0.025, −0.05, −0.075 and −0.1. For each energy range, I then plotted the mean of the
background significance histogram against the tilt parameter and obtained the graph in
Fig. 5.10. It displays data points in light blue for the low energies (0.4 - 1.06 TeV), in
navy blue for the medium energies (1.06 - 5.65 TeV) and in dark blue for the highest
energies (5.65 - 30 TeV). The statistical uncertainty on the mean was found to be of the
order of ∼ 0.01 for all data points. In each energy range the mean seems to follow a linear
relation. Indeed, the combination at a tilt value of 0 does not seem to be the optimal one,
since the spread of the mean values of different energy bins is quite large. The behavior
seems to be less dispersed and more random rather than systematic around a tilt of
−0.05. Concluding, this brief investigation seems to hint at two different things: Firstly,
the background spectral model could need some adjustments for a better description of
the background. This could be either a change in the corresponding parameters (e. g.,
the tilt of the spectrum) or an altogether change in the model type, which has not been
tried in this work, but may be considered in future works. And secondly, having a look
at Fig. 5.10 again, it can be noted that there is a degeneracy in the optimization of
the tilt for different energy ranges. This probably traces back to the computation of
the template background models, indicating that our methods or the used data for the
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Figure 5.10: Plot of the mean value of background significance histograms of the Crab
Nebula against the tilt parameter of the background spectral model. Varying the tilt
parameter in steps of 0.025 between 0 and −0.1, the mean shows a linear behavior for all
three considered energy ranges: 0.4 - 1.06 TeV (light blue), 1.06 - 5.65 TeV (navy blue)
and 5.65 - 30 TeV (dark blue).

construction of 3D background cubes could be improved to reduce this degeneracy.

5.4 Applying the Pipeline to Boomerang SNR Data
Following the validation on Crab Nebula data, I applied the 3D analysis pipeline to my
dataset of Boomerang SNR observations, of which the results will be presented in this
section.

5.4.1 Skymaps

In Fig. 5.11, the significance maps of the Boomerang SNR for the four usual energy
ranges are displayed. It is important to recall the aforementioned difference in the color
scale of the caspar and gammapy maps, to correctly interpret these results. One par-
ticular aspect of this difference is important to remind here: The tuned color scale of
caspar makes it much easier to distinguish a signal from the background, because all
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points that have a significance below 3 σ are colored in blue. Furthermore, it has to be
noted that due to a different way of correlating the signal the maps of gammapy appear
more pixelised. Comparing the caspar significance maps in Fig. 5.4 with Fig. 5.11, I find
a good agreement not only of the rough energy-dependent morphology related to the
signal inside the reference Head and Tail regions, but also of several smaller structures,
e. g., the double emission peak inside the reference Tail region at energies from 5.65 TeV
to 30 TeV (bottom right panel in Fig. 5.4 and Fig. 5.11). Also the complex shape of the
emission region between 1.06 TeV and 5.65 TeV in the bottom left panel of Fig. 5.4 is well
reproduced in the same panel of Fig. 5.11. The difference of around ∼ 2 σ in the maxi-
mum significance of the signal between Fig. 5.4 and 5.11 is on the verge of the expected
amplitude of fluctuations. It is on the order of the mentioned difference between the sky
maps in Fig. 5.2 and 5.4. Part of the effect be due to non-optimal correlation radii, used
in the computation of the significance maps. The difference in estimated significance
could indicate that the two distinct correlating functions of gammapy (TopHat2DKernel)
and caspar (Gaussian kernel) were not sufficiently approximated via a maximization
of the common surface. Looking at the bottom right panel of Fig. 5.11 the Tail region
stands out at a level of about 4−5 σ, which represents at least a strong hint for emission.
Meanwhile, part of the Head region close to the pulsar position also exhibits a slight
increase of signal with respect to the background. This slight hint of γ-ray signal is also
seen as a feature in the bottom right panel of Fig. 5.4, but not in the corresponding
energy bin of [76] (see Fig. 5.2). For the Head region, a signal above several TeV has
not been detected so far, but it is one of the most controversial of the facets of the
Boomerang SNR that are under investigation by the community. Not only MAGIC, but
also LST-1, LHAASO, VERITAS and future γ-ray observatories are interested to clarify
this aspect, substantiated by the recent publications about the source [76, 30, 89].

The significance histograms of the signal and the background in Fig. 5.12 can also be
used to evaluate results. Again, the background bins are fitted with a Gaussian and
the mean µ and standard deviation σ are printed on the corresponding panel. The four
histograms indicate that in each energy bin the distribution of significance values from
all spatial bins is not compatible with the distribution from off bins only, meaning that
there is a γ-ray signal in the map. While this excess is most notable between 0.4 TeV
and 30 TeV (top left panel in Fig. 5.12) and clearly present in the first two energy ranges
(top right and bottom left panels in Fig. 5.12), it is less obvious but visible in the highest
energy bin between 5.65 TeV and 30 TeV (bottom right panel in Fig. 5.12). Note that a
systematically deviating mean of the background distributions, which should be µ = 0
in theory, is evidenced in these histograms. The same effect was identified in the results
from the Crab Nebula and it goes also in the same direction as for the Crab Nebula in
all energy bins (see section 5.3.1). This indicates that it is a source-independent effect,
related to a systematic influence in the analysis. It was investigated in section 5.3.3.
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Figure 5.11: Gammapy significance maps of the Boomerang SNR. The four maps are for
the energy ranges of 0.4 - 30 TeV (top left), 0.4 - 1.06 TeV (top right), 1.06 - 5.65 TeV
(bottom left) and 5.65 - 30 TeV (bottom right). In each panel, the position of the
pulsar PSR J2229+6114 is marked with a green star and the elliptical exclusion region
used during the analysis is enclosed by a red line covering the extended emission of the
remnant. The reference Head and Tail positions and extensions are indicated with a
white dot and white dashed line, respectively. The significance of the signal is indicated
with a color bar to the right of each panel, ranging from −3 σ to 6 σ.
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Figure 5.12: Normalized signal and background significance histograms of the
Boomerang SNR. The four maps are for the energy ranges of 0.4 - 30 TeV (top left), 0.4
- 1.06 TeV (top right), 1.06 - 5.65 TeV (bottom left) and 5.65 - 30 TeV (bottom right).
In each panel, the background distribution of significance values is plotted in blue color
(labeled off bins) and the total distribution in salmon color (labeled all bins). The back-
ground is fitted with a Gaussian function (fit indicated with a black line), yielding a
mean value µ and a standard deviation σ (printed in black).
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5.4.2 Spectral and Spatial Analysis

A simple PowerLawSpectralModel (pl) with a free amplitude ϕ0 and a free index Γ
was used to spectrally describe each morphological element of the Boomerang SNR.
Depending on the number of spatial components of the chosen model, I required one or
two spectral models. The spatial component was modeled and fitted in three different
ways: Firstly, I tried a single asymmetric GaussianSpatialModel (asym. gauss). Apart
from the coordinates (Ra/Dec) and an extension parameter σ, this model is characterized
by an eccentricity e and an orientation angle ϕ. The idea behind this model was to
describe the elongated emission of the SNR with a single elliptical shape. Secondly, I
applied two symmetric GaussianSpatialModels (and two PowerLawSpectralModels),
setting the reference Head and Tail parameters as start values for the simultaneous fit.
In the following this approach will be called the 1step approach. For the last fitting
procedure, I performed a fit in two steps, keeping the two spatial and spectral models
as well as the start parameter values. Freezing the spectral indices from [76], the spatial
models and spectral amplitude were fitted. Then, reversing the situation, the full spectral
models were fitted with fixed spatial parameters. I will call this the 2step approach. The
main spectral and spatial results of this work on the Boomerang SNR for the Head and
Tail region are presented in a quantitative way in Tab. 5.7 and 5.8 (spectral fit results
of the Head and Tail), Tab. 5.10 and 5.11 (spatial fit results of the Head and Tail).
Additionally, Tab. 5.9 lists the fitted spectral and spatial parameters for the asymmetric
Gaussian model. Results are also visualized in Fig. 5.13 (spectrum of the Head region),
5.14 (spectrum of the Tail region), and 5.15 (fits of various spatial models superposed
on a full range significance map).

First, I will concentrate on spectral results obtained when assuming two distinct sources
for the spatial description, the Head and the Tail region. In Fig. 5.13 and 5.14, I present
the obtained spectral flux of the Head and Tail regions fitted in this work, respectively.
The spectral flux is given in units of cm−2 s−1 TeV−1. Each of the graphs in the top
panel shows fitted spectra produced with three different approaches: a 1D spectral fit,
a 3D 1step fit and a 3D 2step fit. In the Head (Tail) spectrum in Fig. 5.13 (Fig. 5.14)
the 1D fit is shown in dark blue (dark red), the 3D 1step fit is shown in navy blue (red)
and the 3D 2step fit is shown in light blue (salmon). Moreover, the plots contain 3D
and 1D flux points/ULs in yellow and orange and a reference spectrum of the reference
Head and Tail regions in black, as measured in [76]. The lower panel of Fig. 5.13 and
5.14 plots the residuals of the 3D 1step approach and the 1D spectrum, computed as
the difference between the obtained model and the reference model from [76], divided
by the obtained flux errors.

For the Head spectrum, it makes almost no difference whether a 3D model is fitted
in 1step or 2steps. The resulting amplitudes ϕ0 and spectral indices Γ in Tab. 5.7
are consistent with each other inside uncertainties and error bands in Fig. 5.13 largely
overlap. The 1D spectral fit performed with gammapy is in agreement with the 1D analysis
of MAGIC, whose spectral parameters are reprinted from [76] in the last row of Tab. 5.7

86



CHAPTER 5. RESULTS AND DISCUSSION 5.4. BOOMERANG 3D ANALYSIS

100 101

10 12

e2
dn

de
 [T

eV
s

1
cm

2 ]
Head spectrum

1D
3D 1step
3D 2step
MAGIC Head
1D flux points/UL
3D flux points/UL

100 101

Energy [TeV]

0

2

Re
sid

ua
ls

Figure 5.13: PowerLawSpectrum of the Boomerang Head region from 3D and 1D analyses
(in shades of blue), together with 3D and 1D flux points/ULs (yellow and orange) and
the reference spectrum from the MAGIC publication [76] (black). The spectral flux on
the y-axis is given in units of cm−2 s−1 TeV−1. Shown are the fitted spectra of the 1D
method in dark blue, the 3D 1step fit in navy blue and the 3D 2step fit in light blue.
Data has been considered in the energy range 0.4 - 30 TeV for each fit and error bands
are drawn in gray around the optimized model curve. The bottom panel displays the
residuals of the 3D 1step and 1D fits, calculated as the difference between the obtained
model and the reference model, divided by the obtained flux errors.

for convenience. The 3D and 1D flux points/ULs in Fig. 5.13 are roughly consistent with
the power laws from the respective 3D and 1D analyses, which is sufficiently accurate
recalling the fact that they are produced with a very approximative approach. There
is a slight difference between the Head spectral index Γ of the 1D and 3D approaches,
judging from the plot and the spectral values. The Head’s spectrum results to be slightly
harder with the 3D analysis. This seems to hint at stronger TeV emission from the Head
than was found in [76]. It is in this sense consistent with the small hint of emission
between 5.65 TeV and 30 TeV found in the sky maps of this work (see bottom right
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panel of Fig. 5.4 and 5.11). The previous MAGIC result has a softer spectral index for
the Head region, see last row of Tab. 5.7 [76]. However, acknowledging the statistical
uncertainties in Tab. 5.7 and the systematic uncertainties stated in section 4.3.4, it is
not enough to claim any significant discrepancy, but all spectral indices of this work are
found to be consistent with the previous study of MAGIC.

Φspec ϕ0 [cm−2 s−1 TeV−1] Γ
3D (1step) pl (1.4 ± 0.3) × 10−13 1.81 ± 0.11
3D (2step) pl (0.9 ± 0.1) × 10−13 1.86 ± 0.11

1D pl (4.3 ± 0.6) × 10−14 2.04 ± 0.12
1D [76] pl (3.8 ± 0.14) × 10−14 2.12 ± 0.27

Table 5.7: Spectral fit results for the Boomerang SNR Head region, obtained with a
3D double symmetric Gaussian (2 sym. gauss) with 1step and 2step fitting and a 1D
spectral modeling. The table states the type of spectral model Φspec, the amplitude ϕ0
and the spectral index Γ of a PowerLawSpectralModel (pl). In the last row, published
values of the Boomerang SNR power law spectrum from [76] are cited. All spectral
models are given at a reference energy of E0 = 3.0 TeV.

Similar conclusions as for the Head spectrum can be drawn for the Tail spectrum. The
two fitted 3D models (1step and 2step) are in very good agreement with each other.
Fig. 5.14 shows that their error bands are overlapping and the spectral parameters in
Tab. 5.8 are consistent among themselves. The same goes for the 1D spectrum of this
work and the 1D spectrum of the MAGIC publication [76]. 3D and 1D flux points/ULs
are consistent with the respective model from which they were extracted. The residuals
in the bottom panel of Fig. 5.14 show that the 3D 1step and 1D analysis of this work are
both compatible with the reference model from [76]. The spectra and the fitted values
are indicating a good agreement between the purely spectral analyses with MARS and
gammapy. Note that in comparison to the Head region, the indices of the Tail region do
not have any difference for 3D and 1D analyses but are fully compatible with each other
in Tab. 5.8.

Spectral results of both the Head and Tail (this work) exhibit a difference in amplitude
related to whether the analysis was based on a 1D or 3D approach. This can be noted
both visually in Fig. 5.13 and 5.14 and in numbers in Tab. 5.7 and 5.8. Amplitudes
are different by a factor of ∼ 3 and ∼ 2 for the case of the Head and Tail, respectively.
This difference cannot be considered a significant inconsistency, because the ways in
which spectra are extracted in a 1D and 3D analysis are intrinsically distinct. In the
1D spectrum, the extraction region is chosen selecting certain events based on a θ2-cut,
while in the 3D fit all events inside the FoV contribute more or less to the spectrum, but
their impact is determined by weighting the events with the considered spatial model.
It means that we do not expect the spectrum from the 3D analysis to have exactly the
same parameters as from the 1D analysis, because we are extracting another spectrum.
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Figure 5.14: PowerLawSpectrum of the Boomerang Tail region from 3D and 1D analyses
(in shades of red), together with 3D and 1D flux points/ULs (yellow and orange) and
the reference spectrum from the MAGIC publication [76] (black). The spectral flux on
the y-axis is given in units of cm−2 s−1 TeV−1. Shown are the fitted spectra of the 1D
method in dark red, the 3D 1step fit in red and the 3D 2step fit in salmon. Data has
been considered in the energy range 0.4 - 30 TeV for each fit and error bands are drawn
in gray around the optimized model curve. The bottom panel displays the residuals of
the 3D 1step and 1D fits, calculated as the difference between the obtained model and
the reference model, divided by the obtained flux errors.

One more model was tried for the Boomerang SNR, which has a single asymmetric
Gaussian spatial component and a power law spectral component. The spectral fit values
of the PowerLaw are reported in the top row of Tab. 5.9. They should not be directly
compared to the values of the double symmetric Gaussian models. However, they seem
to be consistent in the sense that the amplitude ϕ0 is about twice the amplitude of either
the Head or Tail region from the other fits. Since the elliptical region of the asymmetric
Gaussian model approximately covers the two circular regions of the double symmetric
Gaussian model (see Fig. 5.15), this is expected. A similar explanation holds for the
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Φspec ϕ0 [cm−2 s−1 TeV−1] Γ
3D (1step) pl (1.1 ± 0.3) × 10−13 1.82 ± 0.10
3D (2step) pl (1.4 ± 0.1) × 10−13 1.82 ± 0.08

1D pl (5.1 ± 0.6) × 10−14 1.87 ± 0.10
1D [76] pl (6.0 ± 1.7) × 10−14 1.83 ± 0.25

Table 5.8: Spectral fit results for the Boomerang SNR Tail region, obtained with a
3D double symmetric Gaussian (2 sym. gauss) with 1step and 2step fitting and a 1D
spectral modeling. The table states the type of spectral model Φspec, the amplitude ϕ0
and the spectral index Γ of a PowerLawSpectralModel (pl). In the last row, published
values of the Boomerang SNR power law spectrum from [76] are cited. All spectral
models are given at a reference energy of E0 = 3.0 TeV.

Φspec ϕ0 [cm−2 s−1 TeV−1] Γ
3D pl (2.5 ± 0.2) × 10−13 1.84 ± 0.05

Φspat Ra [◦] Dec [◦] σ [◦] e ϕ [◦]
3D asym. gauss 336.89 ± 0.04 60.95 ± 0.02 0.29 ± 0.03 0.84 ± 0.04 35 ± 6

Table 5.9: Spectral and spatial fit results for the Boomerang SNR, obtained with a 3D
asymmetric Gaussian (asym. gauss) modeling and a power law spectrum (pl). Top:
The table states the type of spectral model Φspec, the amplitude ϕ0 and the spectral
index Γ. The spectral model is given at a reference energy of E0 = 3.0 TeV. Bottom:
The type of spatial model Φspat, the fitted coordinate positions Ra/Dec, the width of
the major axis σ, the eccentricity e and the orientation angle ϕ are listed.

expectation of the spectral index Γ. It is comparable to the indices from the Head and
Tail model (this work), as it roughly combines the two extraction regions.

Next, I present and discuss the spatial results of the 3D analysis carried out on the
Boomerang SNR. The best-fit parameters can be found in Tab. 5.10 and 5.11. Addition-
ally, the 1 σ contours of the corresponding fitted models are superposed on sky maps in
Fig. 5.15 for the asymmetric Gaussian and the two double symmetric Gaussian models.
The significance map is the same in all three cases and spans the fitted energy range of
the spectral models: 0.4 TeV to 30 TeV. The last row in Tab. 5.10 and 5.11 states the
values of the reference Head and Tail positions and extensions from [76]. Note, that
these values are listed in the same tables for the purpose of convenient comparison, but
are not resulting from a simultaneous fit as the remaining entries. The two coordinate
positions of [76] are the results of two separate 2D Gaussian fits, each fit not accounting
for the overlapping contribution of the respective other source. In addition, the stated
extensions are not the result of a fit but were chosen to have the same fixed radius of
0.16 ◦ to avoid overlap between the reference Head and Tail regions. Though, they are
similar to the extensions fitted by the previous analyzers.
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Φspat Ra [◦] Dec [◦] σ [◦]
3D (1step) sym. gauss 337.15 ± 0.08 61.12 ± 0.05 0.19 ± 0.03
3D (2step) sym. gauss 337.15 ± 0.07 61.15 ± 0.05 0.15 ± 0.02
Caspar [76] - 337.13 61.10 0.16

Table 5.10: Spatial fit results for the Boomerang SNR Head region. Listed are the
results for a 3D double symmetric Gaussian (2 sym. gauss) with 1step and 2step fitting.
The table states the type of spatial model Φspat with corresponding parameters: the
coordinates Ra/Dec and the Gaussian width σ. In the last row, reference values of the
Boomerang SNR spatial study from [76] are given. They do not have the same meaning
as the fitted parameters of this work, since they were obtained in a different way, as
explained in the text.

Φspat Ra [◦] Dec [◦] σ [◦]
3D (1step) sym. gauss 336.71 ± 0.05 60.83 ± 0.03 0.14 ± 0.02
3D (2step) sym. gauss 336.75 ± 0.05 60.84 ± 0.03 0.15 ± 0.03
Caspar [76] - 336.72 60.84 0.16

Table 5.11: Spatial fit results for the Boomerang SNR Tail region. Listed are the results
for a 3D double symmetric Gaussian (2 sym. gauss) with 1step and 2step fitting.
The table states the type of spatial model Φspat with corresponding parameters: the
coordinates Ra/Dec and the Gaussian width σ. In the last row, reference values of the
Boomerang SNR spatial study from [76] are given. They do not have the same meaning
as the fitted parameters of this work, since they were obtained in a different way, as
explained in the text.

Best-fit parameters of the asymmetric Gaussian model in the lower panel of Tab. 5.9
and their visualization in the top panel of Fig. 5.15 are consistent with the sky maps
of the source based on a visual approach. In 2009, VERITAS first reported about
the detection of the Boomerang SNR and the morphology they found, an asymmetric
Gaussian [5], whose 1 σ contour is also superposed in the top panel of Fig. 5.15. The
asymmetric Gaussians are somewhat different in size and orientation. Considering that
the structure of the observed emission seen by MAGIC and VERITAS is after all quite
different (compare sky maps in Fig. 5.11 with [5]) and much more complex than a
simple asymmetric Gaussian, these fits cannot be considered contradictory. It is rather
the observed emission region that will need to be clarified in the future. The results
from the two double symmetric Gaussian fits (1step and 2step) are fully compatible
with each other in terms of position and extension σ in Fig. 5.15. Fitted coordinate
positions of the Head and Tail agree between themselves inside the uncertainties and
furthermore agree with the fitted positions of [76] in the last row of the Tab. 5.10 and
5.11 and in the bottom panels of Fig. 5.15. As can be seen in the same plot, the 1 σ
contours coincide with the 0.16 ◦ reference Head and Tail extensions, drawn in white
dashed circles. It should be kept in mind that the extensions of [76] have a different
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Figure 5.15: Superposition of spatial component fits on significance map of the
Boomerang SNR for energies between 0.4 TeV and 30 TeV. The top panel is for the
asymmetric Gaussian fit; the bottom panels for the double symmetric Gaussian fits. In
the bottom, the left panel is for the 3D 1step approach, while the right panel is for the
3D 2step approach. In each panel, the exclusion region used in the analysis is drawn
in red, the Boomerang pulsar PSR J2229+6114 is marked with a green star and the
reference Head and Tail regions as defined in [76] are enclosed in white dashed circles.
The 1 σ contours of the fitted regions are superposed in blue while their centroids are
marked with blue crosses in each panel. The top panel also contains the 1 σ contour of
the emission region reported by the VERITAS collaboration [5].

meaning than a Gaussian width parameter, which limits comparability.

A model quality assessment was performed, equivalent to the one presented for the Crab
Nebula. Here, I only confront two distinct models: the asymmetric Gaussian model
(asym. gauss) and the double symmetric Gaussian model (2 sym. gauss) fitted in
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1step. The maximized likelihood values, as returned by the fit, the number of dof and
the AICs computed with Eq. 4.11 are listed in Tab. 5.12. According to these values,
the asymmetric Gaussian model is preferred over the double symmetric Gaussian model,
although this preference is only slight. With Eq. 4.12, it was found that the double
symmetric Gaussian model is around 0.12 times as probable as the asymmetric Gaussian
model. Statistically speaking, the significance of that probability is only around 2 σ (from
Eq. 4.13). It follows that the two tested models perform equally well on the given data.

Φspat Φspec −2 × log(L̂) dof AIC

asym. gauss pl −255373.65 7 −255359.65
2 sym. gauss 2 pl −255375.50 10 −255355.50

Table 5.12: AIC for two spatial models of the Boomerang SNR: the asymmetric Gaus-
sian model (asym. gauss) and the double symmetric Gaussian model (2 sym. gauss)
from 1step fitting. AIC values are computed from the maximized log-likelihood values
log(L̂) and the number of dof of the total fitted model, including spatial and spectral
components. For the spectral components of both models a PowerLawSpectrum (pl) was
used.

Summing up, the morphological results obtained for the Boomerang SNR in this thesis
with a 3D analysis are largely confirming results of a previous 1D analysis with the same
dataset from the MAGIC telescopes [76]. The spectral and spatial models tested for
the Boomerang SNR agree very well with themselves and previous measurements. The
spatial distribution of the emission can be described with an asymmetric Gaussian model
or with a double symmetric Gaussian model. The Tail region exhibits a γ-ray signal
above 6 TeV, which is in agreement with MAGIC results and many other articles. The
question whether this emission is related to hadronic particles colliding with a molecular
cloud or some other scenario cannot be answered by the kind of study performed in this
work, but may be clarified in future works profiting from works like this. It remains to
be determined if the Head region features some significant γ-ray emission or not, which
will mostly depend on ongoing and upcoming efforts in characterizing the background
properties and finding ways to understand and reduce systematic influences. This leads
me to the last section of this chapter, which will discuss the background estimation of
the presented analysis.

5.5 Discussion of the Background Estimation
Without doubt, the background is the most dominant source of uncertainty in this work.
Above, I have presented that my 3D analysis pipeline is subject to several systematic
effects, which we do not yet understand and which require dedicated studies in the next
years. In section 4.2, I introduced the types and dependencies of the background and I
will discuss its actual influence on the presented analysis here. The statements will be
valid both for the Crab Nebula and the Boomerang SNR sample, if not stated otherwise,
using the dataset specifications from section 5.1.
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To respond to the influence of changing performance of the telescope hardware, MC
periods defining distinct intervals of constant telescope performance were introduced.
Since the background is expected to change with the period in general, a background
model for each period was derived separately in this work (see section 5.2). The MAGIC
telescope system is another influential factor for the background, explained through its
geometry. Judging from Fig. 4.4, the projected inter-telescope distance dprojected (defined
in Eq. 4.1) for the Boomerang SNR data sample lies between 60 m and 83 m and the
rotation angle γ between −70 ◦ and 20 ◦. From the first, it follows that the azimuth
angle dependency of the shape of the background is relatively limited in my dataset;
from the second, I expect a dipole-shaped background, confirmed by the background
maps produced for the Boomerang SNR (see appendix A). For the Crab Nebula data
sample, the observations match in terms of zenith but contain a wider range of azimuth
angles. From there come the rather circular-shaped backgrounds in the background
maps (see appendix A). As mentioned before (see section 5.1), the data sample for this
work’s analysis has been taken at zenith distances where the shape of the background is
not yet disturbed by a strong gradient. Hence, the direct zenith-dependent influence on
the background estimation is minimized. Moreover, the data selection for the published
analysis that was carried out by the previous analyzer was done with a quality cut of 0.85
for the cumulative transmission at 9 km from the telescopes (measured with the LIDAR,
see section 2.3.1). I applied the same transmission cut for the Crab Nebula. Therefore
the influence of the atmosphere on the background can be considered as minimal as
possible. Since this study is about a Galactic source, located close to the Galactic plane,
a small contribution to the background originating from diffuse γ-ray emission in the
FoV is present but taken into account when modeling the background. The data used
for this study was taken exclusively under dark time conditions.

Apart from these effects to which it was possible to respond appropriately, there are
others that could not be reduced in impact. Repeating this kind of study, one might
want to try different background estimation techniques and compare their performance
to reduce fluctuations in the shape of the background and find the method introducing
the least systematic uncertainties. Using the whole dataset between 30 ◦ and 50 ◦ zenith
angle and azimuth angles of 0 ◦ to 50 ◦ and 320 ◦ to 360 ◦, I found that some of the
MC periods provide limited statistics for a solid background estimation. In Fig. A.5 in
appendix A for example, it can be noticed that the available statistics decreases strongly
above tens of TeV. The range of energy considered in this work goes from 0.4 TeV to
30 TeV, meaning that the analysis was not too badly affected by missing statistics except
for the period ST.03.08 of the Boomerang SNR and ST.03.10 for the Crab Nebula (see
background models in appendix A). At high energies, the background rate could have
been misreconstructed for the affected periods. Statistics is without doubt a crucial
factor to be improved, considering that specifically at multi-TeV energies, my results are
still ambiguous about the presence or absence of strong emission. Without more popu-
lated background models, this ambiguity between a γ-ray signal and a misreconstructed
background will not be resolved. While for the named coordinate ranges and the scope of
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this thesis, the approximation of a uniform background is expected to be viable, a more
precise approach would include binning in zenith and azimuth angle. Thus, it would
further reduce the available statistics in each bin. The choice of binning is a trade-off
between the accuracy of the background models applied to the data and the statistics
one has to deal with.

Summarizing, the influences on the background estimation of this analysis were reduced
where possible, but several remaining effects might cause systematic uncertainties, whose
magnitude is at the moment not well known. However, they have been discussed wher-
ever relevant when results were presented.
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Chapter 6

Conclusion

This master’s thesis is focused on the data analysis of a potential Galactic PeVatron
emitter and CR accelerator with archival observations from the MAGIC telescopes, the
Boomerang SNR G106.3+2.7.

When analyzing extended sources, the main difficulty to handle is the influence of the
background, which is in general non-uniform over the FoV and requires dedicated treat-
ment. With the advent of novel and more appropriate analysis techniques for extended-
source analyses in γ-ray astronomy, we can tackle the challenge of background estimation
more efficiently. My contribution to this field of science is composed of two parts: the ex-
ploration and validation of new methods for the analysis of extended sources, supported
by the current movement promoting the adoption of a standardized and open frame-
work, and the advancement of our understanding of a particular PeVatron candidate,
the Boomerang SNR. I re-analyzed archival MAGIC data from this source at high-level,
starting with the already low-level processed dataset from a previous publication [76].
As a starting point, I re-performed the high-level analysis with MARS, introducing a small
improvement in the wobble treatment with caspar. The resulting signal significances
and sky maps are in good agreement with the previous MAGIC results, and display the
same energy-dependent morphology. Moving to more appropriate tools for the complex
analysis of extended sources, the main part of the project was carried out along three lines
of work: the preparation of a 3D and 1D analysis pipeline, its validation on Crab Nebula
data and its execution on Boomerang SNR data. I converted the proprietary MAGIC
data, at an equivalent level of DL2, to DL3 format and computed full-enclosure IRFs
with the DL3 Converter. Subsequently, I produced 3D background template models
with the software pybkgmodel, binned in energy. Finally, I reduced the data and applied
3D and 1D fitting and modeling routines in the framework of gammapy to my datasets,
trying various spatial models to describe the morphology of the Crab Nebula and the
Boomerang SNR.
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Testing the 3D analysis pipeline with Crab Nebula data, I could validate the pipeline
for usage on other sources. The results for the spectra and sky maps of the Crab
Nebula from 3D and 1D analyses were in very good agreement with previous results
from the MAGIC collaboration. The test enabled the identification of two systematic
effects on the analysis. As a consequence, the asymmetric feature in the background
histograms at low energies could be reduced introducing an elevated energy threshold.
In addition, I proposed a possible approach to investigate the systematic shift of the
mean in the background significance histograms in future studies and found indications
that the effect is related to the spectral modeling of the background. Fitted spectra and
fit residuals of the 3D models and a model quality test with the AIC all point to the
Gaussian spatial model as the more accurate description of the Crab Nebula’s emission,
compared to a point spatial model. In this way, I was able to provide the most stringent
UL on the extension of the Crab Nebula ever measured by the MAGIC telescopes:
σ = (0.0239 ± 0.0008) ◦. The measurement is subject to a systematic uncertainty of the
pointing of ≲ 0.02 ◦, which justifies, that no unanimous statement about a detection
can be made for the moment. The measured extension UL is larger but comparable in
magnitude with previous H.E.S.S. and Fermi-LAT extension measurements, suggesting
that it is on the verge of a detection. Even though the evidence does not suffice to claim
extended emission from the Crab Nebula, my result demonstrates the capability of the
3D analysis to extract more precise spatial information from IACT measurements than
the typical resolution of around 0.07 ◦ would allow.

Applying the 3D analysis pipeline to G106.3+2.7 data, I performed one of the first full
spectro-morphological analyses of MAGIC data of an extended source, using standard-
ized data formats and open-source analysis tools. The morphological results obtained
for G106.3+2.7 in this thesis are predominantly confirming the findings of the previous
publication, except for a new hint of emission from the Head region above 6 TeV. I tested
an asymmetric Gaussian model and a double symmetric Gaussian model with a Head
and Tail region for the description of the emission in the whole energy range and found
both of them to be viable. The spectral results of the 3D double symmetric Gaussian
fit indicate a slightly harder index for the Head region than the 1D analysis of this work
and the published work, while the indices for the Tail region are all very consistent.
Whether the Head region displays significant γ-ray emission above several TeV is left
open for the moment.

More constraining evidence might be detectable once ongoing and upcoming efforts in
characterizing the background properties are fruitful. On that note, it will be crucial
to find ways to understand and reduce systematic influences to better distinguish be-
tween a source and a background signal. In the future, other and more complex spatial
models might be worth to try describing the emission of the remnant. One of the most
important imprecisions of the applied models is the uniformity in energy. Since the
Boomerang SNR displays an energy-dependent morphology, energy-dependent spatial
models would be more suitable. A tool that offers possibilities for these kind of stud-
ies and whose use would be an interesting test to conduct is the recently implemented
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EnergyDependentMorphologyEstimator of gammapy.

Recalling that the 3D analysis technique is a novel approach and comes with unknown
systematic uncertainties, it becomes clear that one main effort of the community will
concentrate on understanding these effects and developing tools to reduce the influence
of the background. In this thesis, I named numerous starting points for further research
in that direction. The 3D pipeline I developed could be refined for a more in depth
and more precise study of the performance of background models on an extended-source
analysis, by binning the data in azimuth and zenith to take into account the related
dependence. The results from different background estimation techniques could be con-
fronted in the future. For instance computing background models from OFF data might
be beneficial to increase the available statistics for robustness, as well as trying the so-
called ring background method, implemented in gammapy. As indicated by the results of
this thesis, different spectral models for the background might be worth to try, and the
definition of new standards including the implementation of asymmetric IRFs will be of
advantage. Moreover, an optimization of the hadronness cut can help to solidify results,
removing one source of uncertainty. Ultimately, the study could be done using other
extended sources to probe its performance with different morphologies and enlarge our
understanding of the Galactic source population. Another line of work to be followed is
a deeper study of the extension of seemingly point-like sources that could reveal a minor
extension below the typical angular resolution limit of IACTs. Although this has not
been achieved for the Crab Nebula in this work, the measurement of an UL below the
angular resolution limit of the MAGIC telescopes demonstrated the strength of the 3D
analysis method.

Concluding, I have demonstrated that the novel 3D analysis technique is developing
into a powerful tool for the analysis of γ-ray data in several ways. Using dedicated 3D
background models, it enables the analyzer to perform the analysis of complex emission
regions with simultaneous spatial and spectral fitting and possibly to detect the extension
of nearly point-like sources below the angular resolution limit of an instrument. The
next few years may show which other strengths the method can offer and future work
along these lines will concentrate on improving these techniques. The ultimate goal is
to validate the novel 3D analysis and find out how it can help to solve the question
about the origin of CRs. Only then will the γ-ray community be able to clarify, whether
G106.3+2.7 is an efficient CR accelerator and which part of its spatial appearance is
produced by leptonic or hadronic emission mechanisms.
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Appendix A

Additional Graphs

The appendix contains the complete set of background models produced during this
analysis, and further graphs from the high-level spectral and spatial analyses (1D and
3D), that do not belong to the main results but should be present for completeness and
to underline statements, made in this thesis. Some of them will be referred to in the
main text.
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Background Models - Crab Nebula
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Figure A.1: Background models for period ST0307 of Crab Nebula observations, con-
sisting of 2D histograms of the background rate inside the camera FoV in 12 logarith-
mic energy bins between 50 GeV and 50 TeV. The background rate is given in units of
MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.2: Background models for period ST0310 of Crab Nebula observations, con-
sisting of 2D histograms of the background rate inside the camera FoV in 12 logarith-
mic energy bins between 50 GeV and 50 TeV. The background rate is given in units of
MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude. The
statistics is low for this period.
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Figure A.3: Background models for period ST0311 of Crab Nebula observations, con-
sisting of 2D histograms of the background rate inside the camera FoV in 12 logarith-
mic energy bins between 50 GeV and 50 TeV. The background rate is given in units of
MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.4: Background models for period ST0307 of Boomerang SNR observations,
consisting of 2D histograms of the background rate inside the camera FoV in 12 loga-
rithmic energy bins between 50 GeV and 50 TeV. The background rate is given in units
of MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.5: Background models for period ST0308 of Boomerang SNR observations,
consisting of 2D histograms of the background rate inside the camera FoV in 12 loga-
rithmic energy bins between 50 GeV and 50 TeV. The background rate is given in units
of MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.6: Background models for period ST0310 of Boomerang SNR observations,
consisting of 2D histograms of the background rate inside the camera FoV in 12 loga-
rithmic energy bins between 50 GeV and 50 TeV. The background rate is given in units
of MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.7: Background models for period ST0311 of Boomerang SNR observations,
consisting of 2D histograms of the background rate inside the camera FoV in 12 loga-
rithmic energy bins between 50 GeV and 50 TeV. The background rate is given in units
of MeV−1 s−1 sr−1 and the camera plane in degrees of FoV longitude and latitude.
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Figure A.8: Counts of the signal and background, exposure and energy dispersion of the
stacked 1D Crab Nebula dataset. Counts are plotted against the reconstructed energy,
the exposure in terms of the true energy and the energy dispersion is given as a matrix
relating true and reconstructed energy.
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Figure A.9: Measured and predicted signal counts from the 1D analysis of the Crab
Nebula against reconstructed energy. Predicted signal counts from the fitted spectral
model are rendered in orange, measured counts in blue. The gray region indicates a safe
range of the data as defined by the safe mask. The bottom panel displays the difference
between the data and the applied model.
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Figure A.10: Counts of the signal and background, exposure and energy dispersion of the
stacked 1D Boomerang SNR dataset for the Head region. Counts are plotted against the
reconstructed energy, the exposure in terms of the true energy and the energy dispersion
is given as a matrix relating true and reconstructed energy.
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Figure A.11: Measured and predicted signal counts from the 1D analysis of the
Boomerang SNR Head against reconstructed energy. Predicted signal counts from the
fitted spectral model are rendered in orange, measured counts in blue. The gray region
indicates a safe range of the data as defined by the safe mask. The bottom panel displays
the difference between the data and the applied model.
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Figure A.12: Counts of the signal and background, exposure and energy dispersion of the
stacked 1D Boomerang SNR dataset for the Tail region. Counts are plotted against the
reconstructed energy, the exposure in terms of the true energy and the energy dispersion
is given as a matrix relating true and reconstructed energy.
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Figure A.13: Measured and predicted signal counts from the 1D analysis of the
Boomerang SNR Tail against reconstructed energy. Predicted signal counts from the
fitted spectral model are rendered in orange, measured counts in blue. The gray region
indicates a safe range of the data as defined by the safe mask. The bottom panel displays
the difference between the data and the applied model. The last data point is missing
here due to too low statistics.
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Figure A.14: Spectral residuals of a 3D Gaussian fit of Crab Nebula data. The left panel
shows spatial residuals, superposed with a circular region of 0.2 ◦ size, from which the
spectral information is extracted and plotted on the right panel.

5h38m 36m 34m 32m

23°00'

22°30'

00'

21°30'

Right Ascension

De
cli

na
tio

n

Energy 400 GeV - 1.04 TeV

5h38m 36m 34m 32m

Right Ascension

Energy 1.04 TeV - 7.11 TeV

5h38m 36m 34m 32m

Right Ascension

Energy 7.11 TeV - 30.0 TeV

4

2

0

2

4

4

2

0

2

4

4

2

0

2

4

Figure A.15: Spatial residuals in the form of significance maps for a 3D Gaussian fit of
Crab Nebula data, produced with the ExcessMapEstimator in three energy bins between
0.4 TeV and 30 TeV. There is no evident residual at the center of the fields.
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Figure A.16: Spectral residuals of a 3D point-like fit of Crab Nebula data. The left panel
shows spatial residuals, superposed with a circular region of 0.2 ◦ size, from which the
spectral information is extracted and plotted on the right panel.

5h38m 36m 34m 32m

23°00'

22°30'

00'

21°30'

Right Ascension

De
cli

na
tio

n

Energy 400 GeV - 1.04 TeV

5h38m 36m 34m 32m

Right Ascension

Energy 1.04 TeV - 7.11 TeV

5h38m 36m 34m 32m

Right Ascension

Energy 7.11 TeV - 30.0 TeV

4

2

0

2

4

4

2

0

2

4

4

2

0

2

4

Figure A.17: Spatial residuals in the form of significance maps for a 3D point-like fit of
Crab Nebula data, produced with the ExcessMapEstimator in three energy bins between
0.4 TeV and 30 TeV. All energy bins remain with an artifact at the position of the Crab
Nebula, with the signal from a central spot being underestimated and the signal from
its close surroundings being overestimated.
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Figure A.18: Spectral residuals of a 3D asymmetric Gaussian fit of Boomerang SNR
data. The left panel shows spatial residuals, superposed with the elliptical region delin-
eating the 1 σ contour of the fitted spatial model, from which the spectral information
is extracted and plotted on the right panel.
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Figure A.19: Spatial residuals in the form of significance maps for a 3D asymmetric
Gaussian fit of Boomerang SNR data, produced with the ExcessMapEstimator in three
energy bins between 0.4 TeV and 30 TeV. No evident artifacts can be distinguished.
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Figure A.20: Spectral residuals of a 3D double symmetric Gaussian fit (1step) of
Boomerang SNR data. The top and bottom left panel show spatial residuals of the
Head and the Tail region, respectively, superposed with the circular regions delineat-
ing the 1 σ contour of the fitted spatial model, from which the spectral information is
extracted and plotted on the top and bottom right panel.
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Figure A.21: Spectral residuals of a 3D double symmetric Gaussian fit (2step) of
Boomerang SNR data. The top and bottom left panel show spatial residuals of the
Head and the Tail region, respectively, superposed with the circular regions delineat-
ing the 1 σ contour of the fitted spatial model, from which the spectral information is
extracted and plotted on the top and bottom right panel.
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Figure A.22: Spatial residuals in the form of significance maps for a 3D double symmetric
Gaussian fit (1step) of Boomerang SNR data, produced with the ExcessMapEstimator in
three energy bins between 0.4 TeV and 30 TeV. No evident artifacts can be distinguished.
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Figure A.23: Spatial residuals in the form of significance maps for a 3D double symmetric
Gaussian fit (2step) of Boomerang SNR data, produced with the ExcessMapEstimator in
three energy bins between 0.4 TeV and 30 TeV. No evident artifacts can be distinguished.
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