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Chapter 1
Introduction

Astroparticle physics is a comparably young field of research, which unites scientists from
the domain of particle physics and from the area of astronomy and astrophysics. Just after
the celebration of its 100" anniversary in the year 2012, astroparticle physics continues
to be an active and fast-growing field, which promises not only to provide deeper insights
into the most powerful environments within our Universe, but also to deliver results at the
interface of searches for new physics in various different fields. Ultimately, this synergy
will help us to understand the evolution, constitution and the future of our Universe.
Within astroparticle physics, the field of gamma-ray astronomy can be seen as the natural
extension of “conventional” astronomy, which mankind has pursued probably ever since
by exploring the night sky with the naked eye or, later on, through the help of telescopes.
In the last century, the accessible part of the electromagnetic spectrum has been expanded
beyond visible light by the use of radio telescopes and satellite experiments. Gamma-ray
astronomy now allows to probe the very end of the electromagnetic spectrum and can
thus give insights into the most energetic phenomena in the Universe. After the technique
passed its proof of principle only a few decades ago, the exploration of the gamma-ray sky
is now entering a Golden Age, as experiments are at hand which are sensitive enough to
allow for deep studies of cosmological objects, such as the black holes sitting at the center
of active galaxies.

The work performed in the scope of this thesis has been dedicated to a better under-
standing of the phenomenon of active galactic nuclei (AGN). These objects stand out by
producing a powerful and highly variable output over the entire electromagnetic spectrum,
while being one of the most favored candidates for the sources of the highest energetic
cosmic radiation in charged particles. A better understanding of these objects will pave
the way for detailed studies of the evolution of the cosmos and the discovery of new fun-
damental physics phenomena.

The subject of AGN has been approached via the example of the TeV blazar Markarian 501,
which presents itself as the ideal candidate for deep studies of the intrinsic mechanisms at
work, by its vicinity and high variability.

The work which is presented in this thesis is anchored in the field of gamma-ray astronomy,
as it has been performed within the collaboration of the MAGIC experiment. Still, besides
the cooperation with groups exploring the other bands of the electromagnetic spectrum
in a multi-wavelength study, the connection to another area of astroparticle physics re-
search, namely the field of neutrino astronomy, has been pursued in the context of the
multi-messenger approach.
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The thesis is organized as follows:

gives a brief overview of the field of astroparticle physics. The different
messenger particles are introduced, the relevant basic mechanisms by which they are ac-
celerated, produced, deflected or attenuated are outlined and the different types of sources
which are currently being studied are briefly discussed.

A preface to the principles of air showers and Cherenkov gamma-ray astronomy is given
in , followed by an introduction of the MAGIC experiment. The experimental
setup of the two-telescope system as well as the basic analysis procedure are illustrated
here.

In , the theme of inverse problems is outlined, followed by an introduction
into the method of reqularized unfolding. After a brief presentation of the novel unfolding
program TRUEE, the incorporation of the program into the standard MAGIC analysis
chain is discussed, which has been a major project in the course of this thesis. Sub-
sequently, the first application of the new unfolding chain on MAGIC telescope data is
presented.

Being one of the major candidates discussed in the preceding chapters, intro-
duces the source class of AGN and blazars in particular, summarizing their observational
properties throughout the electromagnetic spectrum. The current state of research and
the open questions are outlined. The object Markarian 501, which is subject to two studies
which have been performed in the course of this thesis, following quite different approaches,
is introduced here.

presents a multi-instrument campaign on Markarian 501, which has been
another major project in the scope of this thesis. At first, the results of an analysis of
the corresponding MAGIC data are shown. Subsequently, the multi-instrument data set
is discussed, including detailed studies of variability and inter-band correlations, spectral
variability and the evolution of the broad-band spectral energy distribution during flaring
episodes. The results are discussed in the light of leptonic emission models, based on previ-
ous works on this data set, and in the context of similar results seen in other source classes.

approaches Markarian 501, and the blazar class in general, from a contrary
point of view, assuming hadronic interactions and the consequential production of neutri-
nos. An estimation for a possible neutrino signal from such processes is pursued, while
only simple bolometric considerations are used. The results, which are obtained on the
basis of the data set presented in the preceding chapter, are discussed in the context of
state-of-the-art neutrino astronomy.

After detailed discussions of results and conclusions are given at the end of the respective
chapters, concludes the thesis and provides a brief outlook to possible future
activities based on the presented work.



Chapter 2
Astroparticle Physics Briefly

The first step into the field of astroparticle physics was taken by V. Hess in 1912, when
he discovered that ionizing radiation, which he called Hohenstrahlung, is reaching us from
space [ ]. Further findings which were linked to measurements of astroparticles, like
the discovery of the muon, the pion and the positron, have had great influence on the
development of particle physics. Nowadays, astroparticle physics has emerged to be a
vivid, still young, field of research. It has grown to be an advantageous combination of
astrophysics and particle physics, from which both “parent” fields substantially profit.
The possible channels to study astrophysical sources have been expanded by very high
energy photons, neutrinos and potentially charged particles such as the highest energy
protons. These new messengers give access to the most powerful phenomena in our Uni-
verse, and will contribute to understanding extreme events such as supernova explosions
and gamma-ray bursts, but also the fascinating phenomenon of black holes, their influence
on the formation of galaxies and ultimately the formation of the Universe that we know
today.

On the other hand, cosmic accelerators can be exploited to study particle physics at energy
scales beyond anything possible to establish in man-made machines. Once the sources of
the highest energy cosmic rays are found and a reasonable understanding is acquired, they
could be promising cosmic laboratories which offer accelerated particles at outstandingly
high energies and even “for free”, while of course posing the challenge of an uncontrollable
and probably unpredictable particle beam.

For a detailed introduction into the field of astroparticle physics, see for example [ ]
and [ ], which served as the basic references for the following sections.

The messenger particles which are addressed in the context of astroparticle physics, namely
the charged cosmic rays, highest energy photons and neutrinos, have very different char-
acteristics, which give them distinct advantages (and disadvantages) for studying different
aspects of the highest energy phenomena. In the following, a short overview of the particles
and their major properties is given.
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Figure 2.1: Schematic overview of multi-messenger astrophysics: emission in charged par-
ticles (p, e), high energy photons (y) and neutrinos (v) is emitted from a
particle accelerating source (for a discussion of the sources see ).
The particles propagate through space where they are perturbed by magnetic
fields (p, e), clouds and background radiation (p, e and ) or not at all (v),
until they are detected in one of the various experiments in the Earth’s orbit,
on the surface or underground. The typical energies of the particles are also
indicated. Figure: | ] after [ ].

After an incoming flux of charged particles has been found by V. Hess in 1912, the term
cosmic rays (CR) was coined by R. A. Millikan in 1925 | |. To distinguish these par-
ticles from the very high energy photons, which also contribute to the cosmic radiation
(see Sec. ), they are nowadays also referred to more precisely as charged cosmic rays.
The population of particles which enter the atmosphere are made up by 98% of light
atomic nuclei (at energies > 1 GeV). At these energies, charged leptons contribute only by
~ 2%, cf. | -

The spectral distribution of cosmic ray particles spans up to 13 orders of magnitude in
energy. Its shape is essentially a power-law, with two spectral breaks at 10'°-10'6 eV (the
so-called knee) and at 10*%-10' eV (the ankle). The corresponding spectral indices are -2.7
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before the knee, a steepening to -3.0 above, and a flattening after the ankle, cf. | . At
energies above 4 - 10! eV, the particles have enough energy to interact with ambient pho-
tons of the cosmic microwave background (CMB), see | |. This phenomenon is known
as the Greisen-Zatsepin-Kuzmin (GZK) cutoff, which was predicted in 1966 | , ].
Recent measurements confirm a suppression of the flux at these energies | |. For more
details see also | ]-

Being electrically charged, CR particles interact with interstellar and intergalactic mag-
netic fields. Due to multiple deflections in these fields, the particle flux is isotropized and
generally no information can be gained about the origin of the particles.

The breaks in the spectrum might be hints to possible limitations of different accelerat-
ing mechanisms or populations of sources. Particles which contribute to the flux at the
highest energies are likely to stem from outside the Milky Way, as the galactic magnetic
fields cannot confine particles with gyroradii corresponding to such energies | ]. The
question of the sources of CRs in this energy range is one of the crucial puzzles in the field
today. Several source classes (and single sources) beyond our galaxy have been suggested
as good candidates for this emission, see e.g. | , l.

Due to the same effect, particles at the highest energies (the so-called sub-GZK particles),

are crucial to be studied, as they are less deflected during propagation through space
and should point back to their sources. The low particle flux, which governs this energy
range, requires elaborate detection techniques in order to acquire the necessary amount of
events, such as the Auger experiment, which combines particle detectors and fluorescence
telescopes to a 3000 km? sized hybrid experiment [ ].

Another part of the cosmic radiation is formed by photons which populate the high en-
ergy end of the electromagnetic spectrum, the gamma-rays (E 2 1MeV). Due to their
electromagnetic neutrality, gamma-rays are not deflected by magnetic fields during their
propagation. Therefore, they can be used to perform source studies, which has led to
the new field of gamma-ray astronomy. However, at the highest energies these photons
undergo attenuation by interactions with low energy photons, which fill up the Universe.
This background field, which is formed by the accumulation of star light and radiation
from dust, is commonly referred to as the Fzxtragalactic Background Light (EBL). Models
are at hand which describe the distribution of low energy photons and the resulting atten-
uation factors as a function of energy and source distance, see e.g. | , , ].
As the EBL has a direct relation to the evolution of the Universe itself, gamma-ray spectra
of cosmological sources are used to study the composition and evolution with time and
distance of the EBL.

The detection of gamma-ray photons is hindered by the fact that, unlike photons in the
optical or the radio regime, they are absorbed by the atmosphere. Satellite missions such
as the Energetic Gamma Ray Experiment Telescope (EGRET) | | and now the Fermi
Gamma-ray Space Telescope (Fermi-GST) | | are used to probe the flux in gamma-
rays from outside the Earth’s atmosphere. Due to the limits in detector size, however,
combined with steeply decreasing statistics towards higher energies, only the range up to
~ 300 GeV can be accessed with these instruments. In the regime of very high energies
(E Z 50 GeV), the imaging atmospheric Cherenkov technique offers to use the atmosphere
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as a detection volume, by observing so-called extensive air-showers which are initiated by
the gamma-ray photons. will give more insight into ground-based gamma-ray
astronomy and introduce one of the state-of-the-art experiments in the field, the MAGIC
telescopes [ ]

The third species of cosmic messenger particles are neutrinos - neutral, very light leptons.
Due to the fact that they interact only via the weak force, neutrinos are able to travel over
large distances without being deflected or attenuated. And while photons (and hadrons)
might be trapped in central regions of stars or within the sites of particle acceleration and
production, neutrinos can easily escape. These characteristics make them ideal messengers
in order to probe the center of objects in far distances which are opaque to other kinds of
emission.

Neutrinos are produced in hadronic interactions, e.g. in the fusion of atomic nucleii at the
center of the sun or as a decay product of particles created in interactions of relativistic
hadrons with photon fields or among themselves.

During their propagation in space, neutrinos undergo oscillations between the different fla-
vor states (Ve, vy, V7). This effect was found as the solution to the solar neutrino problem,
which was phrased after a too small flux in v, was measured from the sun | , ]
The confirmation of these oscillations can be seen as the first correction to the standard
model of particle physics (SM), as oscillations require neutrinos to have a finite mass,
which is not foreseen in the SM.

After studies of astrophysical neutrinos in absorption experiments (e.g. Homestake | ]
and GALLEX | ]) and scattering experiments (such as (Super-)Kamiokande | D,
which utilized detection volumes such as water tanks for their measurement, experiments
of a new type have been set up in order to detect cosmic neutrinos at the highest energies.
The steeply decreasing event numbers at very high energies and the small cross-section
of the interactions themselves required much larger detector volumes and led to the ex-

ploitation of natural water or ice environments, such as a lake (BAIKAL | ]), the
sea (e.g. ANTARES | ]) and the antarctic ice (first AMANDA | |, currently
IceCube | ). The biggest challenge for these experiments is the suppression of a

vast background of neutrinos which are induced in interactions of charged CRs in the
atmosphere. So far no detection of cosmic very high energy (VHE) neutrinos could be
claimed.

In the following, the processes of particle acceleration and interaction which are relevant
for this work are outlined briefly. For a very recent overview and detailed explanations on
the processes introduced below, see for example | | and | |, but also | ]
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E. Fermi was the first to postulate the idea that CRs might be produced by collisions of
particles with magnetized interstellar clouds [ ]. This stochastic acceleration involves
terms with O(Av?), where Av is the differential of the involved velocities, and is therefore
also known as second-order Fermsi acceleration.
Later on, this principle was applied to shock environments, see | , , ,
, |, which yields a process that is linear in the velocity differential (O(Av)),
and is thus much more efficient. This diffusive shock acceleration is therefore also referred
to as first-order Fermi acceleration. Like the stochastic acceleration, this process leads to
power-law distributions of the resulting particle spectra. In the non-relativistic case, the
spectral index only depends on the shock compression, e.g. the ratio between the plasma
velocities upstream and downstream of the shock. In the case that the shock moves at
relativistic speed, see e.g. [ ], it depends on the upstream flow speed, orientation
of the magnetic field with respect to the shock and the characteristics of the involved
scattering processes. Typically, indices around —2 are realized. Fermi acceleration at
relativistic shocks is thought to take place within relativistic jets in astronomical objects.
For a descriptive discussion of the processes see e.g. | ] and | ]

Charged particles which are moving within a magnetic field generally follow a spiral path.
This means that they are constantly deflected or accelerated. In the relativistic case, they
will emit synchrotron radiation, which can be understood as the relativistic generalization
of cyclotron radiation. This highly polarized radiation can span over a broad spectrum,
while the spectral index of the photon distribution is closely related to the distribution
of the emitting particles. Discussing the energy distribution of the accelerated particles
n(7y), energies are described in terms of the particle Lorentz factor v, corresponding to

with g = 2.
C

(2.1)

1
7:7/ma

For a particle distribution

n(y) =noy?, (2.2)

which is characterized by a spectral index p (while ng represents a normalization factor),
this results in a synchrotron spectrum which, over a wide range in v, follows
p—1

2

combined with a low and a high energy cutoff, cf. | ]. Here, v denotes the photon
frequency, j(v) is the spectral distribution of the photons and o, defines the synchrotron
spectral index. Naturally, the spectra become more complicated for more detailed particle
spectra.

Due to this so-called synchrotron cooling, the radiating particle loses energy, while the
particle energy-loss rate strongly depends on the mass (m) of the particle:

(2.3)

J() o v with agy =

D s, (2.4)
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see [ | for a more detailed expression. This makes electrons radiate much more
efficiently than heavier particles, but it also implies that they cool fast and acceleration to
the highest energies is problematic. Protons or heavier nuclei radiate less efficiently, but
can be accelerated to very high energies more easily.

A part of the produced synchrotron photons may be absorbed again during interac-
tions with the relativistic electrons, which leads to an effect known as synchrotron self-
absorption. The corresponding absorption probability is dependent on the magnetic field
and the photon frequency itself. Consequentially, the regions of such synchrotron radia-
tion may be opaque (with an optical depth 7 > 1) below a critical frequency vgga. For
detailed calculations and illustrations of the resulting spectrum see e.g. | .

Electrons (and positrons) can undergo Compton scattering processes with photons, which
are in the general case described by the Klein-Nishina cross-section, see e.g. | , ].
For small photon energies, the process can be approximated by the constant Thomson
cross-section, which describes an elastic scattering in the rest frame of the electron.

Such scattering interactions are thought to occur in astrophysical regions of particle ac-
celeration, which are typically filled with relativistic electrons and dense photon fields. In
the following, photon energies are denoted in units of the electron rest mass:

hv

€= ——,
meC?

(2.5)
while the electron energy is denoted in terms of its Lorentz factor .

In the so-called Thomson regime (at low photon energies), the photon’s energy after scat-
tering is given, in the rest frame of such an emission region, by

€scat ~ 7267 (26)

while e describes the energy of the photon before scattering, cf. | ]. The photon re-
ceives a boost in energy from the electron. As the direction of energy transfer is contrary
to the commonly known Compton scattering, this process is also referred to as inverse
Compton scattering.

In the Klein-Nishina limit, where ey 2 1, the cross-section for the process is strongly
suppressed. This makes the upscattering of high energy photons much less efficient.

It can be shown that the (inverse) Compton spectrum is characterized by the same spec-
tral index ac = agy, which was obtained for the synchrotron spectrum, if a power-law
distribution of electrons and a monoenergetic photon field are assumed [ ]. See
this reference also for detailed calculations of the cross sections, including also its angular
dependence.

Photons of different energies €; and e; can interact with each other and produce an
electron-positron pair. This is true for high energy gamma-ray photons among themselves
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and with low energy photons, as long as the relevant energy threshold

S 2

€ > —
e2(1 —p)
is surpassed. Here, pn = cos(©) describes the collision angle, cf. | |. These processes
are important for interactions of high energy gamma-ray photons with photon fields of
lower energy, such as e.g. radiation from the surrounding accretion disk in the vicinity of
a plasma jet, which will be discussed in .

Besides interactions within the sources of the emission themselves, very high energy
gamma-rays can interact with photons of the EBL. The corresponding optical depth 7,
increases with gamma-ray photon energy and with the distance of the source.

(2.7)

Hadronic particles are thought to be present, for example, in plasma jets (see )
and can be accelerated to relativistic energies. In these environments, they can interact
with present photon fields via a number of different processes.

Protons and heavier nuclei can interact with the ambient photon field to create elec-
tron/positron pairs via Bethe-Heitler Pair production [ ]. However, it is found that
photo-hadronic processes are more dominant in the scenarios discussed in the course of
this thesis (e.g. relativistic plasma jets). For a thorough treatment on these interactions
see e.g. | ].

In so-called photomeson production processes, the interaction of protons or nuclei with the
photon field can create mesons, predominantly pions, following four different channels:
the excitation and subsequent decay of resonances, the direct pion production without
involved resonances, diffractive scattering and multi-pion production, cf. | ]. In the
A—approzimation, only the largest resonance A(1232) is considered for the production of
mesons, which leads to branching ratios of the neutral pion g to the charge pion 7 of 2:1.
As mentioned above, this process leads predominantly to the production of pions, while
the decay into other mesons (mainly K and 1) contribute by less than 20%, cf. | ].
A neutral pion decays further into two (very high energy) photons, while a charged pion
decays into a muon and a neutrino and further into an electron/positron and two more
neutrinos. In , these interactions will be treated in more detail in the light of the
mentioned approximations.

In opaque regions, photons are likely to interact with the present photon field via various
processes, producing electrons/positrons, which themselves result again in the production
of photons and so on. In these so called cascades, the photon energy is gradually repro-
cessed towards lower energies. As several different processes are involved and interlinked,
these cascades cannot be described in a trivial way. Connected to the size of the emission
region, the processes can be differentiated into “saturated cascades”, where more photon
interactions take place than photons escape the region, and “non-saturated” cascades,
where the typical escape time is lower. While the former type generally leads to power-
law distributions with spectral indices a, — 2, the cascades of the latter type tend to
terminate after a few cycles, cf. | ].
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In the following, some of the most interesting sources for the production of high energy
radiation - gamma-rays and neutrinos, but possibly also charged CR - will be introduced
briefly.

Within our galaxy, super nova remnants (SNR) make up one of the most interesting
source classes for the detection of astroparticles. The most prominent representative is
the Crab Nebula, which is the remnant of a super nova that has been observed by Chinese
astronomers in 1054. After the core of a massive star collapses because of a depletion in
the fusion material, its outer material is ejected into the interstellar medium, producing
shocks and excellent sites for particle acceleration. While the core might form a neutron
star (possibly a pulsar) or a black hole, the remaining outer shells of the former star are
referred to as a SNR. In the case of a rotating neutron star at the center of the object, the
remnant is called a pulsar wind nebula (PWN). Typically, SNR exhibit very hard spectra
in gamma-rays, which are cutoff only at energies of about 20 TeV. This indicates that the
accelerated particles, which are responsible for the emission of gamma-rays, must feature
energies up to 10 or even 10 eV, cf. | ]. SNRs are thought to make a substantial
contribution to the observed flux of charged CRs below and possibly also above the knee,
see also | ].

Another promising class of sources are binary systems, which contain a compact remainder
of a former massive star (either a black hole or a neutron star). These systems are
characterized by accretion of matter onto the compact object, which might exhibit outflows
of relativistic particles in the form of plasma jets, cf. | ] and also . Such
systems are referred to as micro quasars.

A region which is densely populated, and probably hosts many different classes of promis-
ing candidates for high energy emission, is the Galactic center. However, given the
large density of emitters, the detection and investigation of single sources is challeng-
ing. Within the most prominent feature in this region, Saggitarius (Sgr) A, possibly a
super-massive black hole has been identified (Sgr A*), which is also an emitter of VHE
gamma-rays | , |, cf. | ).

As a center of mass accumulation, the Galactic center is also a good candidate for searches
for dark matter (DM) annihilation or decay signatures. Gamma-rays could be produced as
a product of these processes. However, the hard spectrum seen from this region suggests

the dominant emission to come from PWN rather than dark matter annihilation/decay,
cf. | .



2.3 The Sources

Beyond our galaxy, radio galaxies, quasars and a large number of different source classes,
which are seen in radio, optical, X-ray and higher frequencies, have been summarized as
Active Galactic Nuclei (AGN). These objects, which host a super-massive black hole that
is fed by surrounding material, are thought to (partly) exhibit highly relativistic particle
outflows, which are the sources of VHE gamma-rays and possibly also of the highest energy
CRs. The source class of AGN and the subclass of blazars will be introduced in more detail
in

Spontaneous, very rapid outbursts in gamma-rays have been detected, which subside again
after few seconds, but leave a so-called afterglow in optical, radio and X-ray frequencies,
which can be visible over weeks. These transient objects have been named gamma-ray
bursts (GRB) and are thought to be caused by core-collapse supernovae and/or colliding
neutron stars, cf. | ]. GRBs constitute one of the most promising source classes for
the emission of the highest energy CRs.

Starburst galaxies are a subclass of galaxies, which show no core activity like AGN, but still
exhibit TeV gamma-ray emission (for an overview and a recent discussion see e.g. | ,

]). The large abundance of supernova events leads to strong stellar winds within these
galaxies, which are thought to be sites for particle acceleration, cf. | ].

While supernovae are discussed as the best candidates for the production of charged cosmic
rays at intermediate to high energies, the sources for the highest energy CRs are still looked
for. In 1984, M. Hillas discussed the properties which give a source class the capability
to accelerate particles up to such high energies. The potential of a source depends on
the size of the emitting region and the strength of the prevailing magnetic fields (B), in
combination with the charge (Ze) and energy (E) of the particles themselves. In the scope
of gradual acceleration models, the size of the accelerating region L has to be much larger
than the particle’s Larmor radius

E

el (2.8)

rr X
in order to keep particles in the process. Taking into account scattering processes and the
relativistic velocity of the scattering centers (3, the following condition has to be fulfilled:

2F
BL > — 2.9
> 7B’ (2.9)
where B is given in uG, L in pc and E is quoted in 10'° eV, cf. | ]. In the so-called
Hillas plot (see ), possible candidates for the acceleration of protons and heavier
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Figure 2.2: The Hillas plot: overview of candidate sources (or regions within sources) for
the emission of the highest energy CR, based on their size and the prevailing
magnetic field. Objects below the respective diagonal lines cannot accelerate
particles to the given energies. While particular regions in AGN could be
responsible for the emission of protons up to = 100 EeV, GRB or neutron stars
might be the sources of ultra high energy CRs at around 1ZeV. For more
details, see text. Figure: [Str09], adapted from [Iil84].

nuclei of different energies can be identified.

Currently, AGN jets (or so-called hot spots therein) are still favored, before GRBs, as
emitters of the highest energy cosmic rays, see e.g. [B709a, Derll]. In chapter 5, these
interesting and promising objects will be introduced and discussed in more detail.



Chapter 3
Gamma-ray Astronomy with the

MAGIC Telescopes

The gamma-ray spectrum which reaches Earth from a - meanwhile large - number of
sources is being explored from MeV energies up to several tens of TeV. However, above
~ 100 GeV, the steep spectrum does not allow to acquire sufficient statistics with space-
bound experiments, which are limited in the size of the detection area. Still, gamma
events are absorbed in the Earth’s atmosphere and do not reach the surface. While this
does not permit to measure gamma-ray photons directly with ground-based detectors,
this fact is being exploited by the imaging air Cherenkov technique. The observation of
so-called air showers, which are induced by gamma-ray events, still allows to observe such
events with ground-based telescopes and at the same time offers a huge increase in events
statistics, as the whole atmosphere is turned into a detection volume. In this chapter, this
observation technique will be briefly discussed. Subsequently, the MAGIC telescopes will
be introduced, which are a state-of-the-art ground-based gamma-ray imaging facility, and
the basic principles of an analysis of MAGIC data will be outlined.

When highly energetic particles (gamma-rays as well as charged CRs) enter the atmo-
sphere, they interact with the atmospheric particles and induce a cascade of secondaries.
This cascade increases rapidly, as long as the remaining energy per shower particle is
high enough to undergo further interaction. This “cloud” of highly energetic particles is
referred to as an extensive air shower. The size and elongation of such a shower is de-
pendent on the energy of the primary particle. Gamma induced showers typically show a
slim, spindle-shaped structure, while showers which are induced by hadronic particles fea-
ture a broader transversal spread and a more heterogeneous composition, as the contained
hadronic secondary particles can cause electromagnetic sub-showers at different positions,
further away from the shower axis. Typical hadronic and photon-induced cascades, which
have been simulated with the Monte Carlo program CORSIKA (see ), are
shown in . Compared to gamma-ray showers, hadronic events of this kind are
much more abundant (by at least a factor 10%) and pose a strong background to gamma-
ray measurements.

As the particles which form such an air shower are highly energetic and move with a ve-
locity that is larger than the speed of light in the surrounding air, they emit Cherenkov
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Figure 3.1: Monte Carlo simulated air showers: Shown are cascades induced by a gamma
particle (left), a proton (middle) and an iron nucleus (right). All particles have
been simulated with an energy of 1 TeV, entering the atmosphere perpendicular
to the Earth’s surface (zenith angle = 0°) and undergo their first interaction
at a height of 30 km. Figure: [Sch13].

radiation. This effect creates a cone of blue to ultra-violet light, which is emitted by the
shower in forward direction and can be detected by ground-based telescopes. For a more
detailed introduction into the physics of air showers see e.g. [Wee03], but also [F'R12]
or [BGO6).

After the first detectors which recorded the light emitted by gamma-ray induced air show-
ers were built as early as 1953 [(G.J53], the idea of an imaging technique was introduced in
1977 [WL77], cf. [FR12]. With the Whipple telescope, the first detection of gamma-rays
from a cosmic source has been achieved in 1989 [Wo89], which made the Crab Nebula (a
SNR) the first source in the VHE gamma-ray sky. After Whipple and the first stereoscopic
imaging air Cherenkov telescope (IACT) array HEGRA (abbrev. for High-Energy-Gamma-
Ray Astronomy), currently several Cherenkov telescope systems are in operation, namely
the Very Energetic Radiation Imaging Telescope Array System (VERITAS, in Arizona,
US) [H706], the High Energy Stereoscopic System (H.E.S.S., in Namibia) [[1703] and the
Magjor Atmospheric Gamma-ray Imaging Cherenkov telescopes (MAGIC telescopes, on La
Palma de Canarias, Spain) [A " 12a].

While the next generation of ground-based gamma-ray astronomy instruments is already
being planned, namely the Cherenkov Telescope Array (CTA) project, which will com-
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prise of the order of 100 Cherenkov telescopes of different sizes [A " 11¢], the work which is
subject to this thesis has been mainly based on measurements obtained with the MAGIC
telescope(s).

3.2 The MAGIC Telescopes

Figure 3.2: Photograph of the MAGIC telescopes on the Roque de los Muchachos in La
Palma de Canarias [Wag09].

The MAGIC telescopes are a stereoscopic system of two Cherenkov telescopes, which are
situated on the Roque de los Muchachos (28.8° N, 17.8° W, 2,225 m above sea level) in
the Canary Island of La Palma, Spain. The telescope has started scientific operation as a
stand-alone telescope in 2004 [A " 08c] and was upgraded to a two-telescope stereo-system
in 2009 [A " 124].

3.2.1 Design/Construction

The telescopes are characterized by large mirror dishes of 17 m diameter, which are built
from aluminum mirrors (while partly also glass mirrors were used for the second telescope
dish) and feature a parabolic shape. The single mirrors can be aligned with an active
mirror control system. The large mirror dishes increase the amount of light that can be
collected with the telescopes, and thus allow also for faint air showers, induced by low
energy gamma events, to be recorded. This way, a lower energy threshold of ~ 50 GeV (in
stereo operation) is achieved [A " 12a].

In order to have a fast-moving telescope, despite its extraordinary size, the telescope frames
have been built from ultra-light carbon-fiber tubes. This allows for fast repositioning of
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the telescope, requiring only 20 seconds for a 180° turn in azimuth | .

The initial camera of the first telescope (hereafter M1) has been build in a hexagonal
shape, of two different types of photo multiplier tubes (PMTs): 397 PMTs with a diameter
of 0.1° have been placed in the inner part of the camera, surrounded by 180 outer pixels
of a diameter of 0.2°. The second telescope (hereafter M2) is equipped with a round, ho-
mogeneous camera, built from 1039 pixels of 0.1° diameter | |. Both cameras have
a diameter of 3.5°. For calibration purposes, each camera has a so-called calibration boz,
which supplies short calibration pulses during dedicated calibration runs and in between
the data taking runs, to allow for a calibration of the individual pixels later on, see [ ].
In 2012, when the MAGIC system was again upgraded in order to become more homoge-
neous, a new M1 camera was installed, which has essentially the same features as the M2
camera.

After conversion of the PMT signals from electric to optical, using vertical cavity laser
diodes (VCSELS), and transmission through optical fibers, they are split and fed into the
trigger and the read-out system in the counting house.

Different read-out systems were in use for M1. The system which was last used in mono
mode and for the first years of the stereo operations was built from flash analog to digital
converters (FADCs) | ]. For M2, a system of domino ring sampler 2 (DRS2) chips
was first used. Both systems operated at a sampling rate of 2GSample/s. In the course
of the upgrade of the system in 2012, both telescopes are now equipped with DRS4 based
read-out systems.

The trigger criterion for an event to be recorded consists of several steps. Each pixel is
regulated by a discriminator threshold (the so-called level-zero trigger). The subsequent
level-one-trigger requires an X next-neighbor (XNN) criterion to be fulfilled, which means
that an event only passes the trigger if a compact group of X pixels passes the discrim-
inator. For mono observations, usually a 4NN configuration has been applied, while for
stereo observations, 3NN topologies in the single telescopes proved to deliver the best per-
formance. In stereo observation mode, an additional stereo trigger “distills” those events,
which have been seen in both telescopes | ]. For a detailed description of the MAGIC
stereo system see [ ].

During the observation, background events stemming from hadronic showers, the light of
the night sky or from diffusive electrons and gamma-ray particles contaminate the collected
data sample. Although elaborate techniques are used to remove such events, still some
background remains in the measurement. To get a good estimate of the contribution of this
background, off-measurements are required. A practical way to obtain such background
measurements is the so-called Wobble observation mode | |, which permits to observe
the signal region and a background region at the same time. This is achieved by pointing
the telescopes not directly to the source, but to a position in a distance of 0.4 degrees next
to the source. This way, an on-source region and one or several off (source) regions can
be defined in the camera. Alternatively, separate on-source and off-source measurements
are performed and combined later in the course of the analysis.



3.3 MAGIC Analysis

The analysis of MAGIC data is generally performed using the standard analysis package
MARS | ].

Besides the mere detection of a gamma-ray signal from a source, the MAGIC analysis
allows also to obtain the distribution of the gamma-ray flux vs. energy, the energy spectrum,
the evolution of flux with time, which is referred to as the light curve, and the arrival
directions of gamma-ray events in two coordinates, the so-called skymap. While deriving
energy spectra is one of the key problems which are addressed in this thesis, and the
analysis presented in makes use of both, energy spectra and light curves, no
skymaps have been generated in the course of this thesis and will thus not be considered
in the following.

Owing to the indirect measurement technique, simulations of air shower events and the
response of the telescope system are required in order to reconstruct the intrinsic properties
of the recorded shower events, such as the type of the incident particle or its energy. These
events are simulated following the Monte Carlo (MC) method and are, in the case of
MAGIC, generated in three steps: The simulation of the first interaction of the incident
particle, the resulting particle cascade and the corresponding Cherenkov light emission are
simulated with the air shower simulation program CORSIKA | ]. Subsequently,
the program reflector performs the absorption of Cherenkov photons in the atmosphere
on their way to the telescope level, the reflection on the telescopes’ mirror surfaces and
determines which of the photons reach the camera plane. Details can be found in [ ]
Finally, the camera program simulates the response of the PMTs and the electronic system,
including the characteristics of the read-out and the trigger. For details see [ .
Following the energy spectral shape which is generally expected from the observed sources,
the underlying spectrum of the incident particles is generated as a power-law distribution,
while the range and the spectral index can be adjusted. Beside the general tuning of
the telescope parameters for the MC, in order to resemble the features of the system
as closely as possible, several parameters have to be adjusted based on the observational
circumstances under which the corresponding data have been taken. Generally, simulations
are generated for several combinations of these parameters, from which the best matching
ones are subsequently chosen for a particular analysis. Alternatively, dedicated simulations
can be generated, which are specifically “tailored” to the data set at hand, see | ,
]. Among the crucial parameters is the range of the covered zenith angles, which is
defined as the angle between the telescope’s pointing position and the zenith position in
the sky. Closely connected to this observation angle is the mazimum impact parameter,
which defines the furthest distance from the telescope (system) up to which showers are
produced. The impact parameter itself is measured as the distance between the shower
axis and the telescopes, projected to the ground. Another important parameter which has
to be chosen carefully based on the data sample is the point spread function (PSF) of the
optical system. According to the image defects introduced by the mirrors, this effect is
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also simulated in the Monte Carlo. The PSF is defined as a Gaussian spread in the z — y
plane of the camera.

Prior to the actual data analysis, the data sample has to be selected according to several
quality criteria, to ensure that technical defects as well as bad weather conditions do not
corrupt a reliable analysis result. The general criteria for this quality selection comprise
a tolerably stable trigger rate and a not too high direct current (DC) of the signal. The
latter would indicate too much light from the night sky, which enters the measurement
as noise. Regarding the weather condition, the cloudiness is constantly measured by a
pyrometer and should not exceed a given limit. Furthermore, the starguider evaluates the
night sky and monitors the number of identified stars. A too low number is also a good
indication for poor view and thus bad data quality. For an exemplary choice of values for
the parameters see

Based on the calibration runs, which are taken before each data run and interlaced during
the normal data-taking procedure, conversion factors (from signal amplitude to number of
photo electrons (phe)) are determined for each pixel. PMTs for which the signal amplitude
or the arrival time has been reconstructed wrongly are interpolated, cf. | ]. This step
is performed with the program callisto or, since the upgrade of the telescope system in
2012, with sorcerer. This is performed for both, real data and MC.

Subsequent to the calibration, a cleaning procedure is applied, which allows to remove all
pixels from the camera image, that do not belong to the image of the shower. To achieve
this, two cleaning levels are defined: The higher threshold (typically 6-10 phe) specifies
so-called core pizels. A lower threshold is applied (in general about 3-5 phe), which leaves
pixels with a content above this level in the image, if they are adjacent to a core pixel.
After this procedure, only the image of the shower remains, which is typically of an
elliptical shape (but can look more complicated for hadronic showers and showers of higher
energy in general). Subsequently, these shower images are characterized by a number of
parameters, so-called image parameters [ ]. Among these are the parameters width
and length, which describe the semiaxes of an ellipse given by the root mean square (RMS)
of the 2-dimensional light distribution (see left panel of ). In this context, the
parameter « describes the angle between the major axis of the ellipse and the connecting
line between the center of gravity of the ellipse and the defined source position in the
camera (see also ). Further parameters describe other properties of the image,
e.g. the light content of the shower (size), the concentration of the light distribution (conc)
and the number of islands, which is defined as the number of discontiguous light patches.
These two tasks are performed using the program star, which is also applied to simulated
and real data.
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Figure 3.3: Schematic views of the definition of image parameters in the camera plane.

Left panel: Basic image parameters proposed by M. Hillas [ |. Figure
from | |. Right panel: Reconstruction of the source position using the
Disp method | ) |. Figure from | ].

In the case of stereo observations, the program superstar merges the data from the two
telescope pipelines and allows to determine the impact parameter (see )
and the mazimum height of the shower for each event. These parameters are obtained
based on the stereoscopic information and can improve the energy estimation and the
suppression of the background [ ], see also | .

The sought-for gamma-ray events are dominated by a huge background of hadronically-
induced shower events by about three to four orders of magnitude. However, as outlined
before, development and shape of the showers are different for hadronic and pure elec-
tromagnetic showers. In the process of gamma-hadron (v/h) separation, the data sample
is filtered in order to remove a large fraction of these hadronic background events. To
do this, the statistical learning method Random Forest (RF) | ] is trained on Monte
Carlo generated gamma events and off-measurements which are likely to include only a
very small fraction of gamma-ray induced events. This is done within the program osteria
(mono) or coach (stereo). Based on the RF, a new parameter, the hadronness, is created,
which describes the probability for an event to be of hadronic origin. Applying the trained
RFs, the program melibea subsequently assigns a hadronness value to each event, which
can be used later on to remove probable hadron events from the sample by the application
of a cut in this parameter. Additional constraints on other parameters, e.g. discarding
images with small size, can help to remove events which have a low probability to be
correctly classified as gamma or hadron.

While some of the image parameters are well correlated with the true energy of an event,
e.g. the size, a new parameter, the estimated energy, is built as a combination of some
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of the available parameters in order to achieve the best possible correlation with the true
energy. This new parameter is generally also obtained via RF training on MC (gamma)
events and applied to the data during the execution of melibea. It is used as a basis for
several subsequent applications, like the reconstruction of the energy spectrum.

To derive a signal, events expected to originate from the signal region need to be identified
and separated from the remaining background. In the mono analysis, the parameter «
offers very good separation power, as gamma-ray events which stem from the source are
expected to be pointing towards the source position in the camera. Randomly distributed
background events, however, are supposed to produce a flat distribution in a.

Based on this principle, the on- and off-source samples can be determined. In the case of
Wobble observations, the parameter « is determined at least twice for each event: Once
as aon With respect to the source position in the camera, and once as aqg, with respect to
the anti-source position, which defines the background region (see ). In the case
of more than one background region, several a,g can be defined. An (energy dependent)
cut in each «, which conserves only events with small « values, produces the on and off
event samples.

In the case of on-source observations, « is determined with respect to the camera center.
In this case, off events have to be obtained from a separate data sample.

Figure 3.4: Illustration of the definition of « in the case of Wobble mode observations.
Events below a certain value in «,, which is defined with respect to the
source position in the camera, constitute the on-source sample, while events
with small values in «qg, which is defined with respect to the anti-source,
belong to the off sample. Figure: | ].

In the mono data analysis, another approach can be followed, alternatively to the a-
analysis. Using the Disp method | , |, an estimated source position can be
derived. A new parameter 62 is introduced, where @ describes the distance in the tele-
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scope camera between the expected source position and the reconstructed source position
for each event (see right panel in ). This way, signal and background regions
can be defined via cuts in 2.

In the case of a stereo analysis, an improved version of the Disp-6? method is applied:
Based on the stereo image, the crossing point of the two shower axes and the two points
which were estimated as the source position using Disp for each telescope are combined to
a weighted average, which defines the final reconstructed source position (see ).
This is again used for the calculation of 6.

Figure 3.5: Schematic view of the improved Disp method for stereo observations: The
open square defines the crossing point of the two shower axes, the open circles
describe the (Disp) reconstructed source positions for the individual telescopes.
The filled circle represents the weighted average of these three points, while
the star denotes the true source position. The open triangle indicates the
second solution for the single Disp reconstruction for one of the telescopes.
Figure: | .

With the events from the source direction in the on sample and a good estimation of the
background contribution from the events in the off region, the actual signal can be derived
as the number of excess events Neyc:

Nexc = Non - Nof'f- (3.1)

The significance of this result can be obtained according to the formula by Li and Ma
[ ], and is quoted in terms of standard deviations o. Throughout the community, a
source is agreed on to be detected when the canonical limit of 5o is reached.

As outlined above, a source detection is possible based on the data distribution in « or 62.
Furthermore, this defines the on-source sample and the respective excess for further ap-
plications. The calculation of v or #? is performed within the MARS software package by
odie (detection), fluzle (light curve and preliminary spectrum) and made-up (preparation
for spectral reconstruction with TRUEE, see ).
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Based on melibea files, where each event features all image parameters plus an estimated
energy and a hadronness, the program fluzlc allows to calculate the excess events, following
one of the approaches described above. The necessary cuts in o/6? and the hadronness can
be set by hand or be automatically optimized by the program, in a way that user-defined
efficiency values are met. Here, efficiency means the fraction of true gamma events which
survive the cut, which is obviously evaluated based on MC events. A high efficiency is
desirable in order to obtain good statistics in the final sample, but generally a trade-off
between efficiency and accuracy has to be found, while the latter is a measure for the
purity of the final sample with respect to contamination by hadrons.

Based on the MC event sample, fluzlc also determines the so-called collection area (or
effective area) Aeg of the measurement, which represents the acceptance of the measure-
ment process (given by the area within which events are collected, folded with the cut
efficiency of the analysis) as a function of energy (and the incident angular distribution).
Subsequently, the integral fluz within a chosen energy range can be given as

N exc

F(Emin <E< Emax) = ma
e e

(3.2)
where Tog is the effective on-source time of the considered time span. A light curve is
defined as the evolution of the integral flux of the source versus time.

Following the standard unfolding procedure offered by the MARS package, the first step
towards the reconstruction of the spectrum can also be performed with fluzlc. In the same
way as for the determination of the light curve, the program can set cuts in hadronness
and «a or 62 in order to obtain a sample of (mostly) v events which are likely to stem from
the source. For a preliminary spectrum, the differential flux, which is given as

dF(E) 1 dN

dE AgT.q dE’ (8:3)

is presented in a histogram with respect to the estimated energy. With the migration
matriz, which gives the correlation between the estimated energy and the true energy as
derived from the MC by fluzle, this “preliminary spectrum” is converted into the actual
spectrum, using the unfolding tool combunfold.

An alternative method has been implemented in the course of this thesis, making use of
the novel unfolding program TRUEE for the first time in gamma-ray astronomy | ].
The two spectral reconstruction procedures are presented in detail in



Chapter 4
TRUEE - Unfolding gamma-ray
energy spectra

In the course of the analysis and interpretation of data, accomplishing the leap from a
set of observable quantities to the actually sought quantity is one of the most challenging
tasks. In Cherenkov astronomy, one of the quantities which are looked for is the energy
distribution of the gamma particles emitted by the investigated source. What can be col-
lected by the instruments are images of the Cherenkov light distribution of the induced air
showers. Image parameters like the light content or the shape of the image constitute the
set of observables which yield information about the intrinsic properties of the recorded
event. The correlation between the intrinsic event properties and the induced response
in the instrument can be gained from MC simulations, which describe the air shower de-
velopment and the detection process of the telescope. However, the true energy of each
gamma-ray event cannot be determined unambiguously. Every detection process suffers
from a finite resolution in the collected parameters. Due to this fact, a clear conversion
from the observables back to the energy is not possible. As an example, events of a certain
energy can be registered in different bins of an observable distribution. Likewise, one bin
of the distribution of an observable can be filled with events of different energies. Thus, the
so-called migration of events between bins has to be regarded. Additionally, the detection
process is characterized by a limited acceptance. The events which are seen and detected
by an instrument only account for a fraction of the particles which actually enter the
atmosphere. Hence, the relation between generated and seen events also has to be derived
from MC simulations and incorporated in the reconstruction of the true distribution of
the gamma particle energy.

The whole process of obtaining the true distribution in a sought quantity on the basis of
measured distributions in observable parameters is called deconvolution or unfolding. It
includes the transformation from the space of observables to the space of sought quantities
(possibly more than just one), the consideration of migration effects stemming from finite
resolution and the limited acceptance of the detection process.

This problem could also be paraphrased as “finding the cause of a known effect”. This
more descriptive term points to the fact that problems of this kind are summarized as the
class of so-called inverse problems, or more maliciously ill-posed problems.
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This chapter is structured as follows: in , a brief introduction to inverse prob-
lems is given, followed by the presentation of methods for the solution of these kinds of
problems in . The explanations given there mainly follow [ | and | ].

introduces the novel unfolding program TRUEE and outlines its functionalities,
requirements and advantages. In the subsequent sections and , the incor-
poration of TRUEE into the standard analysis chain of the MAGIC experiment and its
first application on MAGIC data are presented, which make up one of the key projects of
this doctoral thesis. The results presented in sections 4.4, and have been published
in | | in collaboration with N. Milke and the other co-authors. The description given
here mainly follows the paper, but has been reworked and expanded.

Problems of the above mentioned kind appear not only in astroparticle physics, but in
many different fields and applications. One quite famous example is the reconstruction
of images taken by the Hubble Space Telescope right after its launch. Due to a deficient
mirror, the early Hubble images were distorted, but could still be used after they had
been corrected by applying deconvolution algorithms. Further examples can be found in
the optimization of dynamical processes in engineering and economics. What all of these
different problems have in common is the indirectness of the measurement and the task
to find the parameter distribution of interest by analyzing the distribution of secondary
parameters which is accessible to the measurement.

Mathematically, the problem is described by a Fredholm integral equation of the first
kind [ ]:

o) = [ Aly,2)f(@)do + (). (1)

Here g(y) represents the distribution in the observable parameter y, which can in general
be more-dimensional; f(x) describes the sought distribution in the parameter of inter-
est x; A(y,x) is called response function and contains all properties of the detector and
the measurement process as a whole and b(y) represents a possible background which is
present in the measurement process.

As already mentioned, the response function contains not only the correlation between the
observable(s) and the sought quantity. Generally, it also describes the change in accep-
tance of the detector throughout the whole parameter space and the smearing between the
bins of the different parameters, which is caused by the limited resolution of the detector,
cf. | , ].



4.3 Unfolding and Regularization

In the following section, the individual steps of the unfolding procedure in general will be
outlined.

To get a handle on solving , discretization of the problem is the first step,
which permits to tackle the equation numerically. Moreover, this approach is very plausi-
ble, as the measurement itself is usually performed in a finite way with bin sizes at least as
big as the resolution of the detector. Thus, all parts of the equation are discretized with
respect to the measured parameter y, the sought parameter x and in case of A(y,x) with
respect to both of these. For distributions depending only on y, this is straight forward:

Yi

9(y) — g gi = /g(y)dy, (4.2)
yi_yli

bly) — b b = / b(y)dy. (4.3)
Yi—1

The distribution of f(z) is not known, but needs to be determined throughout the proce-
dure. Therefore a parametrization is required which allows to form any possible function
by varying the coefficients. A convenient way to do this is to define f(z) as a linear
combination of a set of base functions p;(x):

) = 3 i), (44

with the respective coefficients a;.
With this parametrization for f(z), the core of becomes
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With the discretization of the observable distributions of measurement and background
( and ) and the discretization of the response function with
respect to the observables

Yi
A= [ Ay (1)
Yi—1

the integral equation becomes a matrix equation:

G=A-a+b, (4.9)

with the vectors in observable space ¢ and 5, the so-called response matriz A and the
vector @ which consists of the coefficients which define the solution f(z) on the basis of
the base functions p;. The uncertainty of the measurement is given by the covariance
matrix V;. For uncorrelated measurements of events, this matrix contains only diagonal
entries which represent the given measurement uncertainty. The covariance matrix of the
sought quantity V, needs to be found together with its distribution. Due to the migration
of events, it is in general not diagonal, cf. | , ].

A problem which is particularly present in astroparticle physics is the fact that the de-
termination of the response matrix A is not straight-forward. Here, the detector response
cannot be probed by test measurements of events with known energy and direction, which
is the case in other disciplines. Thus, the development of the air shower itself and the
detector response are generally derived from MC simulations. The response matrix is built
from the simulated events according to their distribution in the sought quantity and the
detector observables. After normalization, the response matrix contains the probabilities
for an event in bin ¢ of a measured quantity to populate bin j in the sought quantity.

Knowing the response matrix, the distribution in the sought variable f(z) has to be
found from the data. After discretization, this distribution is described by the vector of
coefficients @ from

Several approaches have been developed for the determination of @. The most intuitive
one is the inversion of the matrix A:

G=A-a+b (4.10)
—d=A"(7-b) (4.11)

However, this is only feasible if A is a quadratic, non-singular matrix. In general, further
methods have to be applied in order to find the solution for f(z) with a given matrix A.
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In methods which avoid the actual inversion of the response matrix, the best agreement
between the measured data ¢ and the assumption of the true distribution a, folded with
the detector response A, is generally achieved through minimization. For example, a least
squares expression can be defined and minimized:

xe=(G—A-a)" V, (§— A @)= min. (4.12)

Finding one @, for which the expression reaches its minimum, delivers the solution f(z)
which shows the best agreement with the data. Strictly spoken however, using this x?
expression is only valid if the measured data points follow a Gaussian distribution, which
is not the case for a low number of events. In that case, Poissonian statistics have to be
taken into account.

The likelihood function permits to account for measurements following any distribution,
e.g. the Poisson probability density distribution, which is important in astroparticle physics
measurements. For n measurements y; of a random variable y which follow the probability
density f(y|a), where a is an unknown parameter on which the probability density depends,
the likelihood function is defined as

n

L(a) = f(yla) - f(yzla) ... f(ynla) =[] f(yila). (4.13)

=1

The value @ which maximizes L(a) is the best estimate of a. What proved to be more
practical is to minimize the negative log-likelihood function:

F(a)=—InL(a) = — Zln f(yila) < min. (4.14)
i=1

For the case of a Poissonian distribution f(g;m;gi), the corresponding log-likelihood func-
tion to be minimized is given by

F(a) =3 (gi(a) = gimIn gi(a)) = min, (4.15)

%

where g; is the mean value for a given solution a and g;,, is the number of measured
events (including a possible background contribution) in an interval . A minimization of
the equation leads to the best estimate for a which considers the Poissonian distribution
of the measurements, cf. | , ].
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Independently from the choice of the method, solving an inverse problem will often lead
to a solution for @ (and thus for f(x)) which is characterized by strong fluctuations. These
fluctuations are not of a physical origin and do not stem from the measurement itself. In
fact, they are inherent to the class of inverse problems. Generally it can be said that the
fluctuations are caused by small, insignificant contributions within the response matrix,
which are amplified during the process of unfolding. Thus, the solution is dominated by
noise, which does not yield any information about the measured distribution. For a de-
tailed discussion of the origin of the fluctuating results, see e.g. | ]

Several methods have been developed, which allow for some kind of cleaning of the unfold-
ing result from the above mentioned insignificant contributions. In many regularization
methods, a so-called regularization term Reg(z) is added to the minimization term (e.g. the
least squares x3), multiplied by a regularization weight 7:

x? = X2 + 7 Reg(x). (4.16)

The regularization term incorporates a requirement to the smoothness of the function
f(x), which avoids strong fluctuations. This requirement can be realized in different
ways, see e.g. | , ]. The strength of the influence of the regularization can be
adjusted by varying the regularization weight 7. In the above used notation, small values
of T correspond to a weak regularization, large values imply a strong influence through
regularizing.

Besides the methods which follow the scheme described in , other approaches
are existent, which tackle the problem in a different way, but also lead to a smoother result,
see e.g. | , ]. In these methods, the strength of the regularization is implicitly
contained in the number of steps performed to find the solution or in the use of suppression
factors.

The method from Tikhonov [ | shall be outlined in a bit more detail here, as it is the
method of choice for the unfolding program TRUEE, which will be presented in .
Following Tikhonov, the regularization term can be chosen as the square of an operator
which is applied to the solution f(z). One possibility to keep the fluctuations of the
solution low is to use its second derivative, which, in the discrete case, results in the
so-called curvature matrix C:

22000\ 2
Reg(z) = / (ddfxg )> dx = d’Ca. (4.17)

The minimization of this expression within the unfolding fit will lead to a suppression of
oscillations in the resulting f(x).

Although the application of regularization methods is essential in order to get a meaningful
unfolding result, regularizing always implies that a part of the information gained in the
measurement process is discarded. Thus, whenever regularization is applied, the main
challenge is to find a good agreement between the attenuation of unphysical fluctuations
and a too strong smoothing of the result, whereby unexpected features of the measured
distribution can be lost, cf. | , ].
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For completeness, the method of forward folding shall be mentioned here, as it often-
times enters the discussion as a valid alternative method to other unfolding algorithms.
In forward folding approaches, the solution f(x) is also parametrized and the best match
between the observational data and an ansatz for f(z) folded with the response is looked
for. However, in the case of forward folding, the parametrization of the solution is built
on the basis of a model with only few free parameters. This means that, within this
analysis, no features of the data beyond the used model can be found, which poses a
substantial drawback of the method. As an example, the forward folding for data which
are expected to follow a power-law shaped distribution would start from an expression like

f(x,QLC_IZ) =q1 'qua (418)

with ¢; and ¢ as free parameters, and would therefore not be sensitive for distinct features
like superimposed lines or unexpected cut-offs. An unfolding method like the one presented
earlier is independent from certain models and can be used to find any features present in
the data within the limitations of the resolution of the measurement.

After this general introduction into the class of inverse problems and the outline of some
methods which were developed to lift the ill-posedness of these problems, a particular
unfolding program will be introduced in the following. The program is called TRUEE
(Time-dependent Regularized Unfolding for Economics and Engineering problems) and

has been developed by N. Milke, see also | ]. It is based on the unfolding algorithm
which has first been implemented in the FORTRAN 77 program RUN (Regularized UN-
folding) by V. Blobel | , |. The program has been converted to a C++ version

based on the ROOT framework and has been extended by several new functions. The
core of the algorithm is composed by a minimum log-likelihood fit which is used to de-
termine the unfolding result. For the suppression of unphysical fluctuations, Tikhonov’s
regularization method is applied (see ). The program can read the input
data on event basis, either from ROOT n-tupel files or equivalent ASCII files. This way,
the program holds all information in order to optimize the configuration of the response
matrix to each specific case. Furthermore, possible weight distributions can be introduced
prior to the unfolding, without modifying the input sample itself. Up to three observable
parameters can be accounted for in the unfolding fit, which allows to combine parameters
which yield complementary information.

A test mode and a wverification of the unfolding result by comparing a posteriori distribu-
tions of data and MC permit to assess the quality of the unfolding result. Furthermore,
the program is capable of performing an acceptance correction and accounts for possible
background measurements. The different functionalities of TRUEE will be explicated in
the following.
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As outlined in , the sought distribution f(z) can be parametrized with a
set of base functions p;(x) according to , to discretize the problem. A set of
base functions which has proven to be advantageous for these kinds of applications are
Basis-spline (B-spline) functions | ]. They consist of several polynomial functions
of a low degree. Cubic B-splines, which are built from four polynomials of third degree
each, are used for the application presented in the following. B-splines of third order are
continuously differentiable up to the second derivative, also on the points where adjacent
functions overlap, the so-called knots. The differentiability is especially important for the
Tikhonov regularization method as it is applied in TRUEE, as the second derivative of the
parametrized solution is used here. The other great advantage in using splines is the fact
that they do not show a tendency to oscillate due to the low degree of the polynomials,
cf. | ].

In order to determine the response matrix, a set of Monte Carlo generated events, which
follow some known distribution in the sought variable and which are then processed by
the whole simulation of the shower development and the measurement properties of the
detector, is required. These simulations need to describe the properties of the measurement
process as accurately as possible, as the unfolding is based on the assumption that the
relation between observables and the true variable which is derived from the Monte Carlo
simulations also applies for the measurement.

The matrix A is determined based on the events contained in this Monte Carlo sample. For
one sought variable and n observables which are used during the unfolding, the dimension
of the matrix is n + 1. The binning for each observable and the sought quantity are fixed
at this point. Subsequently for each event, the corresponding matrix element is raised by
the weight of the event. If no weights are applied, it is raised by 1. After all events are
filled into the matrix, the matrix is normalized. At this point it contains all information
about the migration of events between the observable histograms and the sought variable
histogram as well as resolution effects. As the set of Monte Carlo events which is used
here only contains events which survived the simulated trigger and the applied analysis
cuts, the acceptance of the detector is not considered within the response matrix. However,
TRUEE is capable of applying an acceptance correction to the unfolded event distribution,
which will be explained in , cf. [ ]

In most measurement processes, a large set of observable parameters is obtained. TRUEE
offers the possibility to handle three of those observables at once during the unfolding itself,
while most algorithms can account for only one. Naturally, parameters which correlate well
with the sought parameter should be chosen for these observables. In order to investigate
the correlation of the parameters and to pick the best ones, TRUEE provides correlation
and profile histograms for up to 30 observables, based on the MC sample. An example for
these histograms and a good selection is shown in
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For the unfolding itself, the definition of a number of parameters is required, while a
sensible combination of these parameters is crucial to obtain a result which includes as
much information from the measurement as possible while avoiding strong fluctuations
stemming from the ill-posedness of the problem. The list of parameters comprises the

e number of knots,
e number of bins,

e number of degrees of freedom.

The number of knots defines the number of B-splines which are used for the parametriza-
tion (see ). This can be interpreted as an internal binning of f(x), which is
used during the unfolding fit. After the estimation of f(z), the obtained distribution is
converted to the final result histogram, which holds the unfolded distribution. The num-
ber of bins of this histogram has to be defined. It should be consistent with the resolution
of the experiment. The third parameter, defining the number of degrees of freedom, influ-
ences the regularization strength. The relation to the regularization weight 7 which has
been introduced in is

U 1
df = —_— 4.1
nf ZI—FTSJ‘]" ( 9)
7=1

where S;; are the eigenvalues of the curvature matrix C in increasing order. Each sum-
mand represents a filter factor for the coefficient with index j, which in turn describes
the transformed measurement. Filter factors < 1 damp the influence of the corresponding
coefficient. This is needed to suppress insignificant coefficients, which would otherwise
distort the solution. As the regularization weight 7 increases, the damping effect becomes
stronger, while the number of degrees of freedom decreases. This way, 7 can be determined
indirectly in TRUEE by defining the number of degrees of freedom.

The crucial task is to find a good combination of the parameters which ensures a rea-
sonable strength of regularizing. If the number of degrees of freedom is chosen too high
compared to the number of bins, large fluctuations might distort the solution. On the
other hand, if the number is chosen too low, significant information might be suppressed.
In general, the number of degrees of freedom should be similar to the number of bins,
while the number of knots can be larger.

TRUEE offers several histograms which facilitate this choice. One of these displays a
quality value k, which is related to the strength of correlation between the unfolded data
points, for each combination of number of knots and number of degrees of freedom. This
histogram is created for each number of bins of the result histogram. An example is shown
in . The best combinations are those which show the lowest possible value of
k. For more detail on the parameter x and the choice of the unfolding parameters, the
reader may be referred to | ].
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Figure 4.1: Two-dimensional histogram of the correlation-related value x versus number
of knots and number of degrees of freedom. The value of k is given by the
color scale and indicates the quality of the unfolding result. In the example
given in this figure, the dependency of k on the regularization strength (here
the number of degrees of freedom) is evident. The best results with the lowest
inter-bin correlation are found in the range between 9 to 11 degrees of freedom.
Figure: [M " 13].

4.4.5 Treatment of background

Most experiments suffer from background which influences the measurement and has to
be skillfully removed or corrected for. Unfolding offers the possibility for a correction of
a possible background, if its distribution is either measured or well simulated. Based on
a background event sample supplied by the user, TRUEE takes its contribution to the
measured distribution into account during the unfolding fit (see Fquation 4.11).

4.4.6 Acceptance correction

In the case of a measurement process which is characterized by a limited acceptance, the
initial distribution f(z) which is looked for needs to be reconstructed based on the data
sample obtained during the measurement. If the acceptance losses are included in the MC
simulation and the distribution function of the initially generated sample as well as the
resulting event sample are known, TRUEE can perform such a correction for acceptance
during the unfolding.

4.4.7 Verification with a posteriori observable distributions

A robust check for the quality of the performed unfolding and the applied simulation
sample is given in the form of verification histograms. During the unfolding fit, the MC
sample is folded with the migration matrix and re-weighted such that it matches the data in
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terms of the distributions in the observables which are used in the unfolding (up to three).
For verification, the observable distributions of data and re-weighted MC are compared.
In the initial samples, these do not necessarily match. After the unfolding fit, however,
the MC have to reproduce the data in all observables, not only in the ones which were
used during the fit. TRUEE provides such verification plots for each observable which has
been introduced to the program as a part of the input sample. An example is given in the
scope of the application in MAGIC, in . For more details, see | ].

An additional test for the sanity of the combination of parameters can be performed in the
so-called test mode of the program. In this mode, only the MC sample is considered. A
fraction of the simulated events makes up the sample which is to be unfolded, which will
in the following be referred to as pseudo-data. The remaining events are used as the usual
MC sample. As the true quantity is known for the simulation, the true distribution can be
compared to the one obtained in the unfolding. TRUEE provides histograms presenting
these two distributions as well as the deviation of the two in each bin. The resulting and
the true distribution are compared in a Kolmogorov-Smirnov test | ] and a x? test.
Together with the inter-bin correlation value x, this provides another option for choosing
the best parameter combination: In , & and the obtained x? value are shown
for each combination of parameters. The best combination can be found where both the
correlation and the deviation of the fit are low, cf. | ].
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Figure 4.2: The L-curve plot: x as a measure for the inter-bin correlation versus the y?
value obtained from the comparison of the true distribution to the unfolding
result. The labels which indicate the bin contents are formed by the respective
number of degrees of freedom. The best results are located at the kink of the
curve, where both x and x? are comparably small. Figure: [ ]
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In the following section, the first application of the unfolding program TRUEE in the
analysis of experimental data taken with the MAGIC telescopes will be presented. It is
also the first application in the field of Cherenkov Astronomy in general and has been one
of the major subjects of this thesis.

To begin with, the implementation of the unfolding in the analysis software prior to this
work will be outlined and a motivation for the application of TRUEE as the new unfolding
tool will be given. Subsequently, the implementation of TRUEE into the MAGIC analysis
chain MARS will be presented. This includes the construction and implementation of the
program made-up, which substitutes, for the case of an unfolding with TRUEE, the present
program fluxlc as the spectral reconstruction tool. It is adjusted to deliver data in a form
which meets the requirements of TRUEE. The implementation of TRUEE itself into the
chain will be outlined and a new finishing tool, named cure, will be briefly described. cure
is built to extract the desired TRUEE result and to refurbish it by generating spectral
plots and by applying fits to the resulting spectrum. Finally, the application of this new
unfolding chain first on Monte Carlo simulations and secondly on data of the Crab Nebula
will be shown, as this source serves as the standard candle in gamma-ray astronomy.

The standard MAGIC data analysis procedure has been outlined in (further
details can be found in [ ]). In the following, the analysis steps of spectral recon-
struction and unfolding will be discussed in more detail. These steps are executed after
the calibration of the raw data, the cleaning of shower images and determination of image
parameters as well as the assignment of a hadronness and an estimated energy to each
event, which are obtained with the Random Forest method | |, after training on MC
simulations.

At present, the standard MAGIC analysis software offers to perform the reconstruction
and unfolding procedure with a pipeline composed of the tools fluzlc and combunfold.
The program fluxic reads melibea files and creates a preliminary spectrum in form of a
histogram of differential flux versus the estimated energy. The program applies cuts on
the hadronness parameter, to obtain a reasonably pure gamma sample, on the sky coor-
dinates of the recorded events and on 6% or «, to separate events from the on and the
off measurement. fluzlc also calculates the acceptance of the detector, the effective area,
using MC simulated events. Based on the estimated energy of the events, it calculates
the amount of excess events and weights the resulting signal with the effective area of the
detector. The products are a preliminary energy spectrum with respect to the estimated
energy and the migration matrix for the chosen binning.

As the estimated energy is built from observable quantities, it is itself also (only) an observ-
able. The spectrum with respect to this parameter is not yet unfolded from observational
properties, as it does not account for threshold effects, possible discrepancies in the energy
estimation or the limited resolution of events. Thus, this spectrum has to be unfolded in
order to obtain results which are really independent from the measurement process. The
macro combunfold offers to apply different unfolding algorithms with different regulariza-
tion methods in order to produce a spectrum with respect to the true energy | ].
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This is done via “reshuflling” of events between the bins according to the migration ma-
trix. Additional to the unfolding, the macro permits to apply fits of several functions to
the obtained spectrum, which take into account the covariance matrix and thus also the
correlation of the solution, cf. | ].

The current MAGIC spectral reconstruction and unfolding, which has been outlined above,
involves some limitations: The major one is given by the already fixed histogram represen-
tation of the data prior to the unfolding. This way, the binning in neither the observables
nor the sought quantity can be optimized during the unfolding itself. Furthermore, all
except one observable, namely the estimated energy, are discarded and cannot be used for
the unfolding, although they might contain complementary information. In TRUEE, up
to three observables can be taken into account during the unfolding itself and the binning
in each observable as well as the result histogram can be changed and optimized during
the process, as TRUEE reads event-based input files instead of histograms. Another ad-
vantage of TRUEE is its capability to include a possible background contribution within
the unfolding and to perform a correction for the acceptance of the measurement process,
which would otherwise have to be done outside (before or after) the unfolding procedure,

cf. | ].

As TRUEE requires the information of individual events and the generation of histograms
is done inside the program, it has to enter the analysis process at an earlier step than
the present MAGIC unfolding program. Also, the consideration of the measurement’s
background and the acceptance correction do not need to be and rather should not be
carried out beforehand. Thus, the output of the spectral reconstruction program fluzlc
is not usable for a TRUEE-based spectrum reconstruction. However, some tasks which
are usually performed by fluzlc, such as setting the analysis cuts and the separation of
on region and off region events, need to be carried out prior to the unfolding. For this
reason, the program made-up has been implemented, which serves as a preparation tool
for an unfolding with TRUEE.

The program made-up (mc and data extraction - unfolding preparation) is designed to pre-
pare the data in a convenient way for a subsequent unfolding with TRUEE. This includes
the generation of n-tupel files, the construction of a function describing the distribution of
the originally generated Monte Carlo events and the preparation of a matched template
steering file for TRUEE. The structure of the program is based on the MARS program
odie. In detail, made-up fulfills the following tasks:

Events are read from data and MC files, which have been processed with the MARS ana-
lysis chain up to the program melibea. At this point, each event is characterized by all the
image parameters, an estimated energy and a hadronness.

made-up additionally calculates the % parameter for each event and checks if the data
suffers from mispointing. Furthermore, the effective observation time is calculated for the
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whole data sample. These routines are inherited from odie.
made-up applies several cuts to the events, in both the data and the MC sample:

e A cut in the hadronness parameter is performed in order to remove events which are
very likely to stem from hadronically induced air showers.

e A cut in the #? parameter defines the sample of events in the on and the off region
in the telescope camera. These samples serve as the on-source measurement and a
measurement of the background, respectively.

o A zenith angle range can be defined, in case only a sub-sample of events recorded at
low or high zenith angles shall be analyzed.

e Additional cuts can be defined by the user.

For the cuts in hadronness and 62, a default is set, which is shaped according to the current
standard for spectrum cuts in the MAGIC analysis. These cuts have been optimized in
order to achieve a high gamma efficiency of more than 90%. In the standard chain, these
cuts are applied in fluxlc and defined in bins of the estimated energy. As made-up reads
analytical expressions as cuts, a fit to the given bin values has been performed, as can
be seen in . The analytical expression which has been derived from this fit and
which is the default setting in the made-up steering file, is included in .
made-up creates three ROOT trees and three corresponding output files, which are later
on filled with

e on events,
e off events and
e MC on events,

respectively. As the MC sample contains only simulated gammas which are designed to
stem from the source, the MC on sample is identical to a clean signal sample. So, no MC
off sample is needed. All events which fulfill the cut conditions are stored in the respective
output tree, either data on or off or MC on. Each of these trees contains all parameters
which are relevant for the unfolding, disengaged from the MARS data tree structure, as
even-level branches.

Apart from the features of the actual data events and MC events which survive the analy-
sis up to the spectrum reconstruction, some auxiliary information is written to the output
files. made-up reads the properties of the originally produced MC sample(s), such as the
number of originally generated events Ny, the maximum impact parameter r, a range for
the simulated energies F,;, and E,,q. and the slope of the generated energy spectrum -,
and stores them into an additional tree in the MC output file. If different MC samples are
applied for the analysis, e.g. samples with a different zenith angle range and a therefore
different maximum impact parameter, this is recognized by the program and several trees,
one for each MC sample, are created.

From the data sample, the calculated effective observation time is extracted and added to
the on data output file in an additional tree. These auxiliary information are needed for
the acceptance correction within TRUEE.
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Figure 4.3: Default configuration for analysis cuts in 62 and hadronness for made-up.
Shown are the standard cut values used in the current MAGIC spectral ana-
lysis for each bin in estimated energy (red squares) and the derived analytical
function used in the spectral analysis with TRUEE (dashed line).

Besides the ROOT output files, a steering file for TRUEE, truee.rc, is created by made-
up, in which all known paths and variables are already set. From the parameters of the

originally generated MC sample(s), a function describing the distribution of these events
with energy
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dN E \77
dBdAa ~ X '<1Gev) ’ (4.20)

is constructed and written to the steering file. If this function is passed on to TRUEE
within its steering file, the program performs an acceptance correction for the unfolded
spectrum. The scaling factor K of the MC function is determined from the known param-
eters as follows:

Emaz
dN
Nyen = ———dEdAdt 4.21
g / / / dEdAdt (4.21)
Emin A Tobs
Ngen (_'7 + 1)
= K — 9 . . 4.22
7270 - Tops (Emaxy“l _ (Emm )*’7“ (4.22)
1GeV 1GeV

As the MC sample contains only a number of events, but no time span which would
correspond to an observation time, the number of events are scaled to the observation
time determined from the data sample. This way, the normalization of the generated
Monte Carlo flux to the actual data is achieved.

If several MC samples are applied, a function is generated for each sample and the sum
of the distributions is written to the file. If, instead of real data, another (independent)
Monte Carlo sample shall be unfolded, some modifications have to be considered with
respect to this procedure:

e No observation time can be calculated for a sample of Monte Carlo events. Thus,
this parameter is set to zero in the corresponding data output tree.

e Asthere is no observation time for MC events, the function of the originally generated
MC sample needs to be modified as well. Instead of a flux spectrum like the one

given in , the number of particles per energy and area are used:
aN Ngen e
dEdA ~ r2.; (=y+1)- Eas ) YT - B \ 7L (4.23)
(lGeV) - <1GeV)

The usage of the program is analog to other MARS programs: Most parameters are passed
to the program within a steering file (made-up.rc). The following cuts and file paths can
be defined here:

e Madeup.minZenith, Madeup.maxZenith

This allows for cuts in the zenith angle range.

e Madeup.signalCut

The cut on the #? parameter can be defined here. A cut depending on energy can
be introduced as a function fg2_,,(z), where = represents the estimated energy.
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Madeup.cuts

All other cuts can be defined here, i.e. the cut in the hadronness parameter and
additional cuts which are chosen by the analyzer. Like the signal cut, these can be
dependent on the energy.

Madeup.dataName

The path in which the data melibea files are stored is given here.

Madeup.mcdataName

Here, the path to the MC files, which are used to determine the response matrix and
the acceptance of the detector, is specified.

Madeup.outpath

This defines the path in which the files generated by made-up are stored.

When the program is launched, some additional options can be chosen:

./made-up [options],

where the options are:

-h
This help prints out a short manual, where all options are explained.

--config=$PATH/made-up.rc
With this command, the location of the steering file, which shall be used during the

run of the program, is specified. The default path is $MARSSYS/mrcfiles/made-up.rc .

--ind=$DATAPATH/20*root, --inmc=$MCPATH/GA*root, --outpath=$PATH

The paths to data files, MC files and the output path can be given here instead of
the steering file.

--mcunfold

If for testing purposes MC simulated data shall be unfolded as a kind of pseudo-
data, this command has to be passed to the program. In this case, no observation
time is calculated and the corresponding MC function is generated according to

--onlydata
--onlymc

These commands can be used - only for test purposes - if either the MC data or the
real data shall be skipped during the reading of the events. During the preparation
of data for an actual unfolding, both data and MC have to be processed within one
run. This ensures that both sets undergo the same cuts and that the MC function
is calculated correctly.
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After a successful run of made-up, the outpath directory should yield four new files, e.g.

e paramforunfold_ data.root
e paramforunfold_bg.root
e paramforunfold_mec.root

e sugg truee.rc,

or files named according to the user’s choice. These files are processed further by TRUEE,
whereat all paths and the MC properties are already included in sugg truee.rc.

The incorporation of TRUEE itself in the MARS analysis package is straight-forward.
After retrieving the TRUEE package, the program’s source code has been added to the
MARS repository in a dedicated folder miruee. The main code and an example steering
file are added to the MARS folder as well. For the integration and all following analyses
presented in this work, the TRUEE release version 2.4 has been used.

After the unfolding process, a macro can be used to extract the solution with the best
combination of parameters from the result file and to apply spectral fits to the solution,
which account for the correlation among the data points of the final distribution, using
several selectable functions. The tool has been built based on the fitting part of the present
MAGIC unfolding macro combunfold.

The TRUEE software itself and the preparation program made-up have been integrated
into the MARS analysis package and are officially available in the standard release since
version Mars 2-6-0. The post-processing tool cure is available as a macro.

In the following section, the first application of the spectral analysis pipeline, which has
been set up as outlined above in the course of this work, on data taken by the MAGIC
experiment will be presented. By comparing the resulting energy spectrum to the spectrum
derived in the course of a standard MARS analysis of the same data sample, it serves as
a proof of principle analysis. The Crab Nebula, because of its steady emission in the
VHE range also referred to as the standard candle of gamma-ray astronomy, is the natural
source of choice for this first TRUEE application. The procedure which is reported on
here is not optimized to deliver insights into the physics of the source or the performance
of the telescope system. Studies of the performance of the MAGIC stereo system have
been published in | ]. The analyses presented here have been performed using MARS
version 2-4-13, with the additional programs introduced above.

The adjustment of the tools is carried out based on MC simulations. The used MC and
data sample as well as the individual steps of optimization and verification of the unfolding
procedure are discussed below.
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The analysis is performed on a data sample which has been collected during 7.3 hours of
observations of the Crab Nebula. The observations took place with the MAGIC stereo-
scopic system and were carried out in wobble observation mode (see ). The
data have been processed with the standard MAGIC analysis chain up to the melibea
level, at which state the events feature all image parameters plus an assigned hadronness
and an estimated energy, obtained by the application of a Random Forest trained on a MC
sample. The features of the measured data sample, namely the covered zenith angle range
and the number of events (before and after analysis cuts) are summarized in

Table 4.1: Data sample obtained during 7.3 hours of MAGIC observations of the Crab
Nebula. Given are the range in zenith angles covered during the observation
and selected after analysis cuts and the number of shower events in the sample
before and after analysis cuts.

Data Sample generated residual (after cuts)

Zenith angle range 6 - 41° 6-35°

No. events 3457509 18234 (on)
12278 (off)

Three samples of MC events have been used during this unfolding analysis. They have
been prepared by the same procedure as the data sample, while all three MC samples used
here are independent from the training sample of the applied Random Forests.
summarizes the most relevant features of the simulated samples: The spectral index of
the power-law distribution according to which they have been generated, the zenith angle
range within which the events were generated and the maximum distance of the shower (at
its first interaction in the upper atmosphere) from the center of the telescope system, which
is known as the mazximum impact parameter. Additionally, the sizes of the samples are
given as the initial size (generated) and the remaining number of events after analysis cuts
(residual). While sample A belongs to the standard sample of MAGIC MC simulations,
sample B and C have been produced especially for this study, as they feature a different
spectral index ~. All samples have been produced over an energy range from 10 GeV to
30 TeV.

During the preparation of both the pseudo-test unfolding and the real data unfolding, cuts
have been applied to the files while processing with made-up. Default values have been
chosen for the #2-Cut and the cut in hadronness, according to the current standard in
MAGIC analysis. As the test analysis presented here is performed in the low zenith angle
range, an additional cut in the zenith angle discards all events which have been recorded
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Table 4.2: Monte Carlo simulated event samples which were used in the course of this
TRUEE application. Shown are characteristics of the different samples such as
the spectral index of the power-law distribution in energy, the range of zenith
angles covered by the simulations and the maximum distance of the shower
to the telescopes up to which showers have been generated (see text for more
details). Furthermore, the total number of events before and after analysis cuts
are given for each sample.

MC Sample A B C
Spectral index y 1.6 2.6 2.6
Zenith angle range 5°-35° 5°- 35° 5°-35°

Max. impact parameter 350 m 350 m 350 m
No. generated 7893000 10000000 40000000
No. residual 272283 24444 100224

at an angle greater than 35 degrees. The following constraints have been applied to the
data as pre-cuts:

e Size in M1 and M2 > 50
e Number of Islands in M1 and M2 < 2
e Leakage2 in M1 and M2 < 0.2.

This pre-selection is also part of the default settings in a standard MAGIC analysis.

In principle, all observable parameters, i.e. all image parameters and event properties, can
serve as input information for the unfolding. However, only three parameters can actually
enter the procedure at the same time. Therefore, a selection of up to three observables had
to be made, which yield the best results after unfolding. A corresponding pre-selection for
MAGIC has been discussed in | ]

Utilizing the check plots offered by TRUEE, the correlation of each observable with the
sought variable, as drawn from the Monte Carlo, has been examined. The correlation
of the parameters which have been chosen for this work are presented in . It
is evident that the estimated energy, a trained combination of observables that should
by design show a very good correlation with the true energy, does exactly that. Thus,
the estimated energy was chosen as the first parameter which goes into the unfolding
procedure. The remaining observables show less correlation with the sought variable,
some are not correlated at all. The zenith angle does not show a strong correlation, but it
is closely connected to the acceptance of the detector and has proven to be of importance
during the unfolding already in prior works, e.g. | ]. Therefore, it serves as a second
observable which should go into the unfolding. In order to determine the best choice of the
third parameter, several trial unfoldings have been carried out, where the different image
parameters nominated in [ | are applied as the third observable parameter. The most



4.6 First application of TRUEE in a MAGIC analysis

< A B e e e B A N A B B e B S B A
& F 8 F E
= - S 4 .
2 C 2 C ]
[ = [ = B |
i — é 3.5; = *:
=] E =] F = E
> = > 3 = -
o C k-] C - ]
B 25 }f 3
m “HHJ( -~ ]
- ot T E
F F Here B
- 1.5 3
e P P N B E R R R R R R R R BT
1.5 2 25 3 3.5 4 1.5 2 25 3 3.5 4

log10(estimated energy/GeV) log10(estimated energy/GeV)
S s L e L
> ENk E
2 2 £ 1
[ [ = -
s s r 7
=3 > 3 =
<] ] C . e ot T
- - = +++++ B T IHURC UL e C S i diadiea .|
255 =
2 =
1.5F =
Ce b T e e T B R B R
10 15 20 25 30 10 15 20 25 30
zenith angle [degrees] zenith angle [degrees]
s s F 3
> E =
8 g g
@ o £ .. i
1 &350 E
=] =] = T 3]
i) > 3F 3
o ] = e ]
250 3
2 Ty
1.5 =
ol b b b b by T b by :\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\:

11 -1 -09 -08 -0.7 -06 -05 -04 -0.3 11 -1 -09 -08 -0.7 -06 -0.5 -04 -0.3
log10(concentration) log10(concentration)

Figure 4.4: TRUEE histograms showing the correlation between several observable pa-
rameters and the (true) energy. Besides the two dimensional histograms, in
which the event density is illustrated in color code (left hand side), profile his-
tograms (right hand side) allow to locate a good correlation by a monotonically
changing profile. Figures: [M ' 13]

stable results have been achieved when applying the parameter concentration, which is
specified as the light content ratio of the brightest pixel versus the surrounding ones. As
Figure 4.1 shows, this parameter is well correlated with the true energy, cf. [M " 13].
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The bin ranges of the observables have been chosen based on the bin contents which can be
seen in . The range has been chosen as wide as possible, but so that a sufficient
amount of events remains in each element of the migration matrix for the chosen binning.
The numbers of observable bins have been varied during the test unfoldings, avoiding too
low statistics in the single elements of the migration matrix. Generally, the finest binning
is chosen for the parameter with the strongest correlation. The final choice of ranges and
binnings is the following:

o stereo estimated energy: 32 bins from log 10(Es/GeV) = 1.2 to 4.4
e concentration: 15 bins from log 10(concl) = -1.16 to -0.2
e zenith angle: 3 bins from zenith angle = 5°to 31°.

The binning of the resulting histograms has been chosen as equidistant bins in log 10(E)
over the range from log 10(E) = 1.42 to 4.3. With the energy resolution of the MAGIC
stereo system of 17%, as stated in | |, the number of bins has been conservatively
set to 16.

Before any unfolding of data is carried out, a test unfolding on Monte Carlo data should
always be performed. This ensures that the used combination of unfolding parameters
delivers trustable results. In the following, a standard test unfolding will be presented,
where one sample of MC generated events is split in two parts: one is used as a pseudo-data
sample and the other one as the regular MC sample. The best combination of parameters
found in this procedure can subsequently be applied to the unfolding of real data, which
is presented in .

The test unfolding is performed based on MC sample A (see ), while 90% of
the events are used for the determination of the response matrix and 10% serve as the
sample which is unfolded. This is a desirable data to MC ratio, in order to ensure that
the statistical errors introduced by the MC do not exceed the ones induced by the data.
The 10% which are unfolded will in the following be addressed as pseudo-data. As only
gamma events are contained in this sample which by design originate from the position
the telescope is pointing at, no consideration of background is necessary here. Thus,
no background sample is passed on to TRUEE for this test unfolding. A large range
of the parameters number of knots and number of degrees of freedom has been probed
and the parameters have been optimized towards little correlation between the unfolded
data points. For the test unfolding presented here, the following combination of unfolding
parameters has been chosen:

e number of bins: 16
e number of knots: 21

e number of degrees of freedom: 13.
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The resulting event distribution is presented in the upper left panel of , together
with the true distribution known from the Monte Carlo and the relative deviation. The
distributions are in good agreement.

The result of an unfolding procedure should be largely independent of the used MC sam-
ple. To address a possible dependency of the unfolding result on the MC input spectrum,
a second test unfolding is presented here: instead of using MC and pseudo-data stemming
from one MC sample, which therefore share all properties such as the generated spectral
slope, MC sample B has been applied as pseudo-data, which differs in the spectral index
by exactly 1.0 compared to sample A. By event numbers, sample A is about 10 times the
size of sample B, which is a very comfortable data to MC ratio, as mentioned above.
This study allows to investigate the influence of the deviation of spectral slopes in the ap-
plied MC sample and the sample (either MC or data) which is to be unfolded. The same
combination of unfolding parameters has been used and the corresponding result event
spectrum is shown in the upper right panel of . Also here, a good agreement
can be noted. At the highest energies, the error bars are larger than in the test unfolding
presented above. This effect is due to a substantial decrease of events towards higher
energies, as the spectral distribution of the pseudo-data is steeper in this case.

Beyond the unfolding of event distributions, i.e. event numbers which are distributed in
bins as shown above, TRUEE is also capable of correcting for the limited acceptance of
the detector, as outlined in . To do that, the function according to which
the used Monte Carlo events have been produced has to be given.

In the following, the acceptance corrected unfolding of MC sample B (pseudo-data) is
presented, using sample A as MC. The applied MC function has been defined according
to , with the parameter values for MC sample A given in and
with Fpm = 10GeV and Epq = 30TeV. The unfolding itself is performed with the
same binnings of the observables and with the same range of unfolding parameters. The
lower left panel of shows the unfolded distribution together with the initial MC
function and the relative deviation. The agreement is very good at intermediate energies.
At the high energy end, the effect of decreased statistics appears again, which was already
seen in the event spectrum and is therefore expected. However, the distribution appears to
be underestimated by the unfolding result at low energies, while the corresponding event
spectrum does not show such a deviation. This effect is caused by a difference in the
centers of gravity of the MC sample (A) and the pseudo-data sample (B) within each bin,
which is most prominent at low energies (below 400 GeV), where the event distribution of
sample A steeply increases while sample B already shows a turnover (see the left and right
hand side in the upper panel of ). This difference in the spectral index causes
a shift of the center of gravity within each bin. While this does not affect the unfolding
procedure itself, the acceptance correction refers to the center of gravity in each bin and
is thus distorted by this shift. In order to confirm that the deviation actually stems from
this effect, a third MC sample has been introduced (sample C, see ). This set of
MC simulated events has the same features as sample B, but is about 4 times larger in
number. This is commonly quoted as the minimum overabundance of MC compared to
data necessary to keep the statistical errors stemming from the MC low.
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Figure 4.5: Upper panels: TRUEE-unfolded event distributions of simulated events (red
points with error bars) and the true distributions (blue dashed line). Left hand
side: Event distribution of MC sample A, unfolded in test mode. Right hand
side: unfolded event distribution of MC sample B, while sample A is used to
determine the migration matrix. Lower panels: Unfolding of MC distributions
with TRUEE and built-in acceptance correction. Left hand side: unfolded
distribution of MC sample B (still using sample A for the migration matrix).
Right hand side: unfolding of MC sample C. For each unfolding, the relative
deviation between the unfolded result and the true distribution is shown in the
panels right below each figure) For details see text. Figures: | ]
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A pseudo-test unfolding is carried out with sample C in the role of simulated data and
sample B again in the role of pseudo-data. Again the same unfolding parameters used be-
fore have been applied. The resulting distribution, the true distribution and the relative
deviation are shown in the lower right panel of . While the deviations at high
energies due to low statistics are largely unaffected by the change in the MC sample, a
considerable improvement could be gained at low to intermediate energies.

It has to be emphasized that this effect is only relevant in the case of an applied accep-
tance correction together with a considerable difference between the distributions in data
and MC. The unfolding itself performs well under these circumstances and has generally
proven to do so if the deviation in spectrum does not exceed 1.0 | |. Tt is planned to
introduce a two-step procedure within TRUEE, during which an automatic re-weighting
of the used MC sample is performed according to the tentative distribution present in
the data. This way, the residual dependence on the MC input spectrum in the case of
acceptance correction will be eliminated, cf. | .

After the unfolding procedure has been verified by using Monte Carlo simulations as
pseudo-data, the energy spectrum of the Crab Nebula is derived on the basis of the real
data sample. As a cross-check, a second analysis with the standard MARS spectral re-
construction tools has been carried out. For both analyses, MC sample A has been used
to derive the response of the detection process. Finally, the resulting energy spectra are
compared.

In the course of the analysis with standard MARS, the prepared data sample which has
been described in has been processed with the program fluzlc. Analysis cuts
for the separation of gammas and hadrons and for the definition of the on and off data
sample have been derived according to [ | and applied to both, data and MC sample.
The migration matrix is determined and the effective area is derived from the simulations.
Subsequently, the tool combunfold has been used to unfold the produced histogram of
differential flux versus the estimated energy, applying the derived migration matrix. All
unfolding algorithms offered by combunfold have been tried and showed compatible re-
sults. Within combunfold, a power-law function has been fitted to the spectrum obtained
with the regularization method of Bertero | |, while taking into account the covari-
ance matrix of the solution.

For a spectral reconstruction with the analysis chain which is subject to this work, the
data are prepared with made-up: a cut in hadronness is applied and the data are split
with a 62 cut according to the on and off region in the camera. The used cut values
correspond to the one used in the standard analysis, as illustrated in . Further-
more, the function describing the initial distribution of the MC sample is determined. For
the unfolding, the resulting on-source event sample is passed to TRUEE as the measured
data sample, while the off-source sample serves as background. As, in the case of Wob-
ble observations with one off-region, the on and off data are recorded simultaneously and
within the same time span, no additional weights have to be applied to the background
sample. The MC function as identified by made-up is utilized by TRUEE to perform the
acceptance correction. The parameters which have been found in the course of the test
analysis have been applied during the unfolding with TRUEE. The resulting spectrum has
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been fitted (taking into account the covariance matrix), while being processed with the
extraction tool cure.

In , the resulting spectral distributions obtained with the two analyses are
shown, as well as a comparison of the fit functions which have been found for the two
results. Because the binning has been determined in different ways for the two analyses,
no bin-by-bin comparison is possible here.

The results are in good agreement, with deviations below 11 %, cf. | ].
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Figure 4.6: Unfolded VHE gamma-ray energy spectrum of the Crab Nebula obtained with
the current MARS unfolding tool combunfold (black dashed points/error bars)
and TRUEE (red solid points/error bars). The respective fit functions (blue
dashed for combunfold and orange solid for TRUEE) are also shown. While the
unfolding result is presented in the upper panel, the relative deviation of the
two fit functions versus the energy is shown in the lower panel. Figures: | ].
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Figure 4.7: A posteriori comparison of the distributions in observable parameters of real
data (black dot-dashed lines) and the (in the course of the unfolding) re-
weighted MC (red solid lines). In the upper panel, the distributions for two
observables which have been used during the unfolding are presented, while
distributions of observable parameters which have not been taken into account
in the unfolding process are shown in the lower panel. Figures: | .

Independently from the various checks performed based on the MC test samples, the un-
folding result obtained with TRUEE has undergone an additional verification on the basis
of the distributions of observables in data and simulations, as described in

The distributions for data and reweighted MC in two observables which have been used
during the unfolding are presented in the upper panel of , while the lower panel
shows two parameters which have not been used. While the distributions for the former
ones have to agree well by design of the method, the good agreement of the distributions
in the not used observables is a strong confirmation for the compatibility of data and MC
and for the quality unfolding result, cf. | ]
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Within this chapter, the class of inverse problems has been introduced and set in the
context of today’s measurement and analysis problems, underlining its importance in a
wide range of fields. The common strategy for solving these kinds of problems, unfolding
with regularization, has been outlined in general and the novel unfolding software package
TRUEE has been presented with its functionalities and requirements. One of the key
projects of this doctoral thesis has been the integration of TRUEE into the standard
analysis chain of the MAGIC experiment, which has been successfully accomplished and
led to a new chain of tools for the spectral analysis of very high energy gamma-ray data.
The details of the implementation have been explicated in this chapter. Furthermore, the
verification of the method on Monte Carlo simulations and its first application to MAGIC
data have been presented. The latter one has been performed in the form of an analysis of
gamma-ray data from the standard candle Crab Nebula, resulting in an energy spectrum
of the source within this range. Beside being the first application of TRUEE in MAGIC,
this has also been the very first use of the program in Cherenkov astronomy in general.
The deconvolution with TRUEE has delivered good results, which have proven the method
to be reliable and compatible with results obtained by methods of the current standard.
Based on the successful implementation of TRUEE into the standard MAGIC analysis,
the new spectral reconstruction pipeline is now open to be used by all analyzers and
presents an established and reliable alternative method to the prior standard. As TRUEE
is an independent software package which will be maintained and developed further at
Technische Universitdt Dortmund, all analyzers will profit from future improvements and
expansions of the program.

By now, also other experiments in the field have expressed their interest to utilize the
program in their analysis for the reconstruction of gamma-ray energy distributions.



Chapter 5

The Active Galaxy Markarian 501 -
a talkative blazar in our
neighborhood

5.1 Active Galactic Nuclei

Narrow Line
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Figure 5.1: Schematic view of an active galactic nucleus as suggested by Urry and
Padovani. The central engine, which is constituted by a supermassive black
hole (SMBH) surrounded by an accretion disk, is obscured to the side by a
torus of dust particles. Perpendicular to the plane of disk and torus, relativistic
plasma jets can emerge, which are sources of powerful, non-thermal radiation.
Figure adapted from [[JP95].

Active Galaxies are defined as extragalactic objects which exhibit a strikingly high lumi-
nosity at the galactic center. The emission coming from their central region, confined to
radii smaller than 1 parsec (pc), generally outshines the emission of the entire remaining
galaxy, while the so-called nucleus can be as bright as up to 10* times the luminosity of
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the galaxy, cf. [ |. This makes the centers of such galaxies, commonly referred to as
Active Galactic Nuclei (hereafter AGN), the most luminous non-transient objects in the
sky. Their overall luminosity is outvalued only by short-lived astrophysical phenomena
like supernova explosions or gamma-ray bursts.

AGN are characterized by strong emission, which covers the entire electromagnetic spec-
trum, being most prominent at radio and optical wavelengths. They exhibit a spectrum
which is essentially of a power-law shape. Except for the contribution of the host galaxy,
which is known as the “blue bump” as it covers mainly the optical frequencies, most of this
emission appears to be of non-thermal origin. The spectrum can exhibit distinct emission
lines of varying width and strength, superimposed to the continuum emission.

The first AGN was detected in 1963 | ] and was described as a star-like object, albeit
being at large distance, as its spectrum showed more similarities to stellar emission than
to the spectrum of a normal galaxy. More findings of objects which showed the exceptional
core brightness and outstandingly strong radio emission, but were quite distinct in terms
of e.g. the shape of the host galaxy, the morphology of the radio emission or the presence
or absence of emission lines, resulted in a zoo of source types. Later on, the different
empirically defined types of objects have been summarized in a classification scheme for
AGN, suggested by Urry and Padovani [ ].

presents a schematic view of the proposed AGN structure. The energy which
is deposited in the sources’ powerful output is most likely gained from the accretion of
matter onto a super massive black hole (SMBH, with mpyg ~ 10° to 10 solar masses),
which is located at the center of these objects, see e.g. | ]. The accreting matter
forms a disk which surrounds and feeds the SMBH. On larger scales, the central region is
enclosed by a torus of dust particles, which obscures the central region when viewed from
within or close to the plane defined by the accretion disk. Perpendicular to this plane,
relativistic outflows can emerge from the central region in form of collimated plasma jets,
often submerging into large cloud-like regions which exhibit strong emission in radio and
are referred to as radio lobes. Within the jets, charged particles are assumed to travel
through strong and collimated magnetic fields at relativistic velocities, which sometimes
appear to be superluminal (i.e. at velocities > ¢), see e.g. | ]. Strong non-thermal
emission in the radio and X-ray band is seen from these jets, which is often highly polarized
and is attributed to synchrotron emission from the charged particles moving within the
magnetic fields. The underlying substructure, which can be seen in high resolution radio
images, suggests the existence of shocks which travel along the jet axis, see e.g. [ .
Within the scheme by Urry and Padovani, AGN are subdivided in radio-loud and radio-
quiet sources, while sources classified as radio-loud are believed to comprise those AGN
which exhibit relativistic plasma jets. The remaining differences in appearance, which
led to the compilation of distinct classes of radio-loud AGN, are ascribed to geometrical
effects. While the structure of an AGN follows a cylindrical symmetry, its appearance to
the observer depends strongly on the viewing angle between the object’s symmetrical axis
(jet axis) and the line of sight.
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In the AGN classification scheme which was outlined above, radio-loud AGN, for which
the jet axis points close to the line of sight to the observer, are referred to as blazars.
The spectra which are observed from blazars generally reach from radio frequencies to
very high energy gamma-rays, spanning up to about 20 orders of magnitude in energy.
The spectral energy distribution (SED) is usually given in the representation

dN
E%. a5 Vs E or v-F,vs v, (5.1)
with the energy E and the differential energy spectrum d—g, or the frequency v and the

flux density per frequency interval F,. The typical SED of a blazar is characterized as a
two-bump structure, where the first bump generally ranges from radio to X-ray frequencies
and the second bump is typically most prominent at gamma-ray energies (MeV to TeV),
see e.g. | , , , ].

Probably the most striking feature of blazars is their fast variability at the highest ener-
gies, which implies flux changes by factors of up to an order of magnitude over various
time scales, ranging from years down to several minutes, see e.g. | , , ].

The fast variability and large luminosity seen in these sources suggest that the radiation
that is being emitted within the jet is relativistically beamed towards the observer | ]
This can also explain the apparent superluminal motion of features in the jet, which is
sometimes seen perpendicular to the line of sight. The characteristic quantity for this
effect is the Doppler factor, which is defined as

1

5:F—ﬁ‘cos(9)7

(5.2)

where I' is the bulk Lorentz factor of the jet, 5 = %ﬂ with the jet velocity v; and the
angle between the jet axis and the line of sight 6. Relativistic beaming makes the source
appear brighter (oc §2) , shifts the emission towards higher energies (o §) and shortens the
apparent time scales for variability (oc 671), cf. [ ]. While relativistic jets should
generally appear in pairs, emerging back to back from the central region, for blazars of-
tentimes only one jet is visible, while the second one is dimmed by beaming effects in the
opposite direction.

For such objects, the jet is often seen to begin with a bright radio feature, reffered to as
the core. According to the current understanding, this region either corresponds to the
location where the jet becomes optically thin to synchrotron emission (opacity 7 < 1) or
to a shocked region further down the jet | , ]

Considering the shortening of variability time scales, the seen rapid variability still indi-
cates, within the context of causality arguments, that the emission during states of high
activity is produced in regions much smaller than the extension of the overall jet (typically
with radii in the order of 10! to 1017 ¢cm). Together with the substructure seen in radio
images, this favors the scenario of confined emission regions (so-called plasmoids), which
might be caused by (or correspond to) moving shocks within the jet.
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Figure 5.2: Average spectral energy distributions versus frequency of blazars which were
studied by Fossati et al. in 1998. The solid lines depict spectral reconstructions
which were obtained following a parametrization presented in [ 98a]. With
increasing overall luminosity and source power, a shift of the positions of the
two peaks towards higher frequencies is apparent. Figure: [ 01] after [ 98a].

5.2.1 Blazar sequence

Historically, different classes of objects have been established, which are now summarized
under the class of blazars. However, sources of distinct classes still show differences in
several of their features, mainly their overall luminosity and the position of the bumps
in the SED. Sources which have been classified as flat spectrum radio quasars (FSRQs)
generally exhibit the peak position of the synchrotron bump at vey,chr =~ 1013 to 10™ Hz,
while the peak is found at higher frequencies (Vsynchr = 10'6 to 10" Hz) for sources
classified as BL Lacertae objects (BL Lacs, named after the archetypical source BL Lac-
ertae [N"01, A" 07a]). Following this scheme, the class of BL Lacs has been subdivided
further into high-frequency peaked and low-frequency peaked BL Lac objects (HBL and
LBL, respectively [PG95]). Throughout the class of blazars, the peak position appears
to be anticorrelated with the overall luminosity [I'"98a], see also Figure 5.2. FSRQs are
generally found to exhibit much larger jet powers than LBLs and the even less powerful
HBL sources. In connection to that, HBL often show slower jet velocities in comparison
to more powerful sources, as seen from VLBA images, see e.g. [PP10] and references
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95

therein. At the same time, the presence of emission lines in the spectrum differs between
these sources, ranging from strong lines seen in FSRQs to only dim or no lines in HBL
objects.

The continuity in the mentioned parameters suggests a unified scheme for these different
source populations, ascribing the diverse behavior only to differences in the luminosity or
overall power of the sources, which appears to decline along the so-called blazar sequence.

5.2.2 Acceleration and emission models

pY— n°p

‘ Inverse Compton‘

Synchrotron e
Radiation

Figure 5.3: Schematic view of the processes which are thought to take place in relativistic
blazar jets: electrons moving in the magnetic field emit synchrotron radiation
and produce high energy photons by the inverse Compton effect, in the scope
of SSC models. Following hadronic models, relativistic protons also interact
with the present photon field and produce neutral and charged mesons, which
decay into high energy photons and leptons, respectively, including high energy
neutrinos. Possible external photon fields or proton synchrotron emission are
not depicted here, although they might also play an important role in blazar
jets. Figure: [[X512].

A large quantity of physical models has been developed in order to explain the processes
which cause the existence of the observed SED from blazars. While most of the models
agree that the first bump in the SED is caused by synchrotron emission from highly rel-
ativistic electrons which are present in the jet, see e.g. [ 98], the models differ in the
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explanation of the second spectral bump. The prevailing models can be attributed to
several groups:

The so-called leptonic models describe the high energy emission as photons which have
been pushed to higher energies by interaction with the relativistic electrons via the inverse
Compton effect. Synchrotron self-Compton (SSC) models suggest the interaction of elec-
trons with their own synchrotron photon field, thus implying a strong correlation between
changes in the synchrotron and the high energy emission, see e.g. [ , , ].
External Compton (EC) models involve the presence of external photon fields, such as ra-
diation stemming from the accretion disk, see e.g. | ) ].

Hadronic models assume the presence of highly relativistic hadronic particles in the jet,
in addition to the present leptons, and ascribe the generation of the second SED bump to
hadronic interactions. Among others, these can involve interactions of highly relativistic
protons with the (electron induced) synchrotron field | |, with the magnetic field in
the jet, producing synchrotron emission | , | or with both [ , , ].
Among the key parameters of these models are the characteristics of the underlying energy
spectrum of the relativistic particles which cause the emission (namely the particle den-
sity, minimum and maximum energies as well as possible spectral breaks), the density of
present photon fields (if not derived from the electron population within the SSC model)
and general properties of the active region, such as the size of the region, the Doppler
factor of the bulk motion and the surrounding magnetic field.

It can be claimed that blazars constitute the best candidates to study the source class of
AGN: Based on their powerful emission which spans the entire electromagnetic spectrum
up to VHE gamma-rays, they allow the observer to look down their relativistic jets, as
they target the beamed emission from the most active regions directly at our instruments.
Thus, blazars are the most promising objects to improve the insight into the mechanisms
which govern the creation of the powerful jets and the way they are fuelled by the central
engine of an AGN.

In fact, blazars make up =~ 35% of the known gamma-ray emitters at TeV energies (num-
ber obtained based on | ]). Still, these objects hold many open questions, such as
the content and structure of the plasma jets, the cause of the strong and rapid variability
and the relation between the variety of sources.

Many collected broad range blazar spectra can be well explained with SSC models (see
e.g. | , , ]). However, occasionally difficulties arise. One example is the
SED of the FSRQ 3C 279, which can not be reconstructed by leptonic models, even when
involving an external source of photons (EC models) | ]. Another one is the occa-
sional appearance of so-called orphan flares. This term describes a significant increase in
the flux of the second spectral bump, while no similar event is seen in the synchrotron
bump. Such events cannot be accommodated in simple (standard) SSC models. An exam-
ple of such behavior has been observed for the HBL source PKS 1959-650 | ], while a
similar event was also seen for Mrk 421 | ]. Recently, a claim for a similar event has
been made for observations of Mrk 501 in 2009 | , ]. As the respective data
are subject to the work presented here, this topic will be discussed in detail in
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Hadronic models can account for suchlike missing correlations between the two bumps,
but due to longer acceleration and cooling times of hadronic jet components, they tend
to have problems in explaining the rapid variability seen from these sources. If strong
evidence for a highly relativistic hadronic component in blazar jets is found, this would be
a sensational result with a large impact on the field of astroparticle physics, as it would
establish AGN as sources of the ultra high energy (UHE) cosmic rays. An alternative
approach for the confirmation of hadronic interactions in blazar jets will be discussed in

Beside the composition of the jet plasma, also its structure is not yet fully understood.
With the technique of high resolution radio interferometry it is now possible to study the
jet with a resolution smaller than the size of the jet itself. Recent observations of the
LBL source BL Lacertae and the FRI galaxy M 87 suggest that the highest activity takes

place in the parts of the jet close to their central engine | , |. Complementary
polarization measurements of several FSRQs and LBLs suggest a connection of changes
in the jet polarization and the occurrence of flares | , , ]. However, a

complete understanding which is independent from single objects or subclasses still needs
to be found.

Another topic of current research is the relation between the different blazar subclasses,
which is connected to the aforementioned blazar sequence. Although suggested already
in 1998 | ], the relation between the different appearances of blazars is not fully un-
derstood and is subject to debates, see e.g. | , ]. Detailed investigation of the
variability behavior in connection with the overall spectral output and the radio morphol-
ogy of sources of the different classes are required to pin down the intrinsic mechanisms
which might unify the observed properties.

Beyond the opportunity to gain a better understanding of the astrophysical phenomenon
of AGN, the class of blazars also offers the ideal cosmic laboratory to study the physics of
the highest energies. The highly energetic output in combination with their far distances
offers to address more fundamental questions, such as the search for quantum gravity,
Lorentz invariance violation or the existence of axions | , , |. Prior to that
however, the intrinsic properties of the sources need to be well understood.

The AGN Markarian (Mrk) 501 is a prominent member of the class of blazars. It is located
at RA=16h 45m 52.22s, Dec= 39° 45’ 36.6” with a measured redshift of z = 0.034, which
corresponds to a distance of 1.4 x 108 pc or 4.7 x 108 light years. As the third object
(and the second object beyond our galaxy) it has been detected in VHE gamma-rays in

1995 [ ) |, after the detection of the Crab Nebula | | and the first VHE
blazar Mrk 421 | ]. Based on its SED, Mrk 501 has been classified as an HBL accord-
ing to the scheme proposed by Padovani and Giommi [ ]. It is known as one of the

most extreme blazar sources, showing very strong and fast variability (and thus appearing
to be a very talkative object).
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Soon after its detection, the blazar appeared to be in an exceptionally high state in the
year 1997, when its emission above 350 GeV was at a level of 10 times the flux of the
Crab Nebula [ ]. This event was thoroughly studied in the VHE range, also looking
into correlations with the X-ray band (see also | , , ). During
the large flare, the synchrotron bump has been found to peak at or above 100 keV, which
indicates a shift of the peak by at least two orders of magnitude compared to its usual
position [ , , ]. Moreover, a significant correlation between flux variations
in the gamma-ray and X-ray regime was found, which can be well reproduced by one zone
SSC models. After a period of quiescent emission, the source was seen in a flaring state
again in 2005, when an increase in flux by a factor of 2 on time scales down to two minutes
was measured | |. Generally, throughout the prior observations, the source spectrum
in the VHE range appeared to be harder when the source was bright, see e.g. | ].
VLBA images of Mrk 501 revealed a comparably slow moving jet which is characterized
by a limb brightening structure [ , .

Numerous MWL campaigns have been conducted on Mrk 501, see e.g. | , ], and
the collected data could be well reproduced within the framework of SSC models | ].
However, the allowed range of the model parameters is still wide, as the collected data
were too sparse (both in frequency coverage and time) to put strong constraints on the
parameter ranges, see e.g. | ]. The fast variability seen in 2005 is a strong argument
in favor of a comparably small emission region (with R ~ 10 cm) | ]. Still, the
low state of the source can be accommodated for by assuming regions which are larger
by one or two orders of magnitude in radius, see e.g. | . This might also suggest
that more than one region is involved in the emission and thus points to more complicated
(two zone) models. The substantial shift in the synchrotron peak and the harder when
brighter behavior suggest a change in the electron energy distribution as the cause for the
seen flaring events | ], but also long-term changes in the size of the emission region or
the Doppler factor are being discussed [ ]-

The fast variability in gamma-rays, together with a comparably slow apparent motion of
the jet in radio images, gave rise to the so-called bulk Lorentz factor crisis | ], which
suggests separate regions to be responsible for the emission in radio and gamma-rays. This
could for example be accounted for by a spine-layer model | |, involving a structured
jet with a fast moving central component and a slower sheath. While other explanations
are being discussed, the limb brightening seen in VLBA images would favor this scenario.

All things considered, clear constraints on the properties of the active regions and the
involved particle populations, and possible changes of these parameters with time, are
still to be found. Beyond that, hadronic models are still not ruled out, although leptonic
models seem to explain most seen phenomena.

In , a multi-instrument analysis will be presented, which was conducted in order
to shed light on the mechanisms behind the source’s broad-band spectral variability. A
view on Mrk 501 in the scope of hadronic emission models will be given in )
focussing on the possibility of using large-scale neutrino detectors to search for the debris
of hadronic interactions in the blazar.



Chapter 6
MWL Campaign on Mrk 501 in
2009

The blazar Mrk 501 is an excellent candidate source to study the intrinsic behavior of
AGN: with a redshift of z = 0.034, it is one of the closest extragalactic TeV gamma-ray
sources we know. Therefore, the produced gamma-ray emission has undergone only weak
attenuation by pair production with the Extragalactic Background Light (EBL, see

) at the time when it reaches the Earth, which adds only a small uncertainty
to the measurement of the intrinsic source spectrum. Additional to its proximity, the
source is bright and very variable. Thus, spectral changes within quiescent and flaring
periods can be investigated.
In order to get the best possible view of the overall behavior of blazars, so-called multi-
wavelength (MWL) or multi-instrument campaigns are organized. At best, these include
instruments distributed over all wavelengths of the electromagnetic spectrum, which ob-
serve the source simultaneously or at least over the same time span. Although such
campaigns have been organized for a long time already, see e.g. | |, the mechanisms
by which the seen gamma-ray emission is produced and the variability of the overall spec-
tral energy distribution of the source are not yet fully understood (see ). One
reason for this is given by the fact that the previous generation of gamma-ray instruments
was not sensitive enough. Recently however, the possibility to study the entire high en-
ergy peak of the SED has improved substantially. The Fermi satellite was launched in
2008 | | and its on-board gamma-ray detector Large Area Telescope (LAT), together
with the state-of-the-art TACTs (MAGIC, H.E.S.S. and VERITAS), provides a complete
sampling of the high energy SED bump. The low energy threshold of MAGIC even al-
lows for a cross-calibration of the LAT and the TACT measurements at around 100 GeV.
With this improved coverage, which affects especially the measurements of the high energy
bump, new MWL campaigns are able to constrain models further.

In this chapter, a multi-instrument campaign on Mrk 501 is presented. The campaign
was conducted in the year 2009 over a time span of 4.5 months (lasting from March 15
to August 1%%) and comprised the participation of 30 different instruments, covering all
wavebands from radio to VHE gamma-rays. MAGIC took part in this campaign as one
of three VHE instruments. The presented MWL data set led to one previous publication,
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which was focused on the presentation of the data set itself and the spectral energy density
(SED) combined from all instruments’ measurements, averaged over the whole duration
of the campaign [ ]

One of the key projects of this thesis has been the variability analysis of this MWL data
set, with a particular focus on the changes in flux and the spectral shape with time in the
course of the campaign.

The relevant MAGIC data have been among the last which were taken in the single tele-
scope configuration, as shortly after (fall 2009), MAGIC began the operation as a stereo-
scopic system. The data have been re-analyzed in the course of this work and the results
are presented in the following section. As the novel spectral analysis chain, which was
presented in , has been implemented for the analysis of MAGIC stereo data, only
the standard MAGIC analysis tools have been used here. The data from the remaining
instruments have been supplied by analyzers of the corresponding experimental groups
as light curves (flux versus time) and energy spectra (flux versus energy), while spectra
for shorter periods or single observations were only available for those instruments where
the acquired event statistics were high enough. The results drawn from this data set are
presented subsequently ( and following). Finally, the results are discussed and
put into context of the current state of knowledge of this source, the source type and
possibly related source types.

The results which are shown in this chapter will be presented in a second multi-author
publication, signed by all participating collaborations, which is led by the author of this
thesis | ].

A first analysis of the MAGIC data taken on Mrk 501 during the reported MWL campaign
has been carried out by D. Tescaro in his PhD thesis | ]. It resulted in the broad-band
energy spectrum presented in | ], which averages over the whole data taking period.
In the course of this work, the data have been re-analyzed, as deeper studies regarding the
variability, both in flux and energy spectrum, were needed. In that process, a repeated
quality selection of the data was desirable. The analysis configurations have been verified
on a data sample from the Crab Nebula.

The initial set of MAGIC data from Mrk 501, which is chosen for this analysis, contains
all observations from the time window of the campaign which were performed in Wobble
observation mode and at comparably small zenith angles (below 35°). In that time span,
only few higher zenith observations were carried out and only some observations were
performed in on source observation mode (in the course of the commissioning of the second
telescope). These data runs have been discarded in order to establish a homogeneous data
sample. The initial data set has undergone quality selection cuts, as presented in

(see also ). The chosen dates of observation are listed in . The
total observation time of this sample amounts to 16.8 hours.
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Table 6.1: Properties of the collected MAGIC Mrk 501 data sample and quality selection
cuts which have been applied to the sample, prior to the analysis. For details
on the individual parameters see

Parameter Cut value

Zenith range 6° < Zd < 35°
Observation Mode Wobble
Cloudiness <40

No. of identified stars > 10

DC currents < 1500 nA
Trigger rate stable, above 190

Table 6.2: Nights of observations which are represented in the final data sample used
for the presented analysis. Following a convention which is used throughout
MAGIC, the date of the following day (sunrise) is given for each night. For the
given nights, observations have been performed as part of the MWL campaign
and delivered data which (partly) survived the quality cuts given in

Month Days

March 23., 31.

April 1.,2,3.,4., 5,17, 18., 19., 20., 23., 24., 25., 27.
May 22., 24., 27.

June 14., 29.

July 23., 26.

The data set, which serves as the “hadron training sample” for the Random Forest trained
for gamma-hadron (y/h) separation (see ), is built from observations of
weaker sources, which were also taken in Wobble observation mode, around the same
period and in a similar zenith angle range as the Mrk 501 observations. The used sources
and observation dates are summarized in . The data have undergone the same
quality selection as the Mrk 501 sample.

For this analysis, the standard MAGIC Monte Carlo simulations have been used. Accord-
ing to the telescope configuration at the time of data taking, single telescope simulations
with FADC read-out and Wobble observation mode have been chosen (see also

and ). MC with several point spread functions were available,
and 14.8 mm was chosen according to the monitored PSF of the telescope (see ).
The set of MC files has been split into a train and a test sample. The train sample serves
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Table 6.3: Set of observations which constitute the hadron training sample for the (vy/h)
separation RF: Given are the observed (comparably weak) sources and the dates
(nights) of observations which survived the quality cuts given in

Source Month  Days
1H1722+119 March 30., 31.
April 5., 6.
2MASX0324+34 January 13., 15,
MS1050 March 19., 20., 23.
April 1.
PKS-1222+21  April  20.
PKS14241240  April 17, 19., 21.
June 15., 22.
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Figure 6.1: Measurements of the Point Spread Function (PSF) of the telescope around the
time of the Mrk 501 observations (black dots). The vertical solid green lines
define the time window in which the MAGIC observations have taken place.
The blue dashed line indicates the PSF of the chosen Monte Carlo simulated
events.

as the gamma sample for the 4 /h separation training, while the test sample is used later
for the spectral reconstruction.

Three RFs have been trained with the MARS program osteria. The standard configura-
tions have been used. The RF to estimate the probably for an event to be of hadronic
origin, the so-called hadronness, was trained on MC and off-data, building 100 trees. RFs
which generate a disp and an estimated energy for each event, have been trained only on
MC simulations, with 50 trees in both forests.
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Using the program fluzle, light curves have been produced, presenting the evolution of the
source’s integral gamma-ray flux with time. The parameter o has been used to define the
signal and background region in the camera (see ). After optimization on
the Crab Nebula data, the following cuts have been applied during this procedure:

o o <8,
e size > 150 phe,

e hadronness cut efficiency 0.7,

while the actual cuts in hadronness have been determined by the program such that the
quoted efficiency is reached. Three off regions in the camera have been used to determine
the background of the measurement.

The light curve was produced within the energy range from 300 GeV to 50 TeV for rea-
sons of comparison (see ), as in the course of the first analysis of this data, an
overall light curve in the same range has been obtained and the light curve determined by
VERITAS (see ) covers the same range. A comparison to the light curve ob-
tained in | | and from an additional cross-check by N. Nowak is shown in

In the overall light curve, a significant increase in flux can be seen on the 227¢ of May,
which slightly exceeds the flux level of the Crab Nebula, showing 1.1 Crab Units (C.U.),
while the baseline flux is at the level of about 0.3 C.U.

To address the variability in different bands, light curves within different energy ranges
(160 GeV to 500 GeV and 500 GeV to 10 TeV) have been investigated, while 160 GeV and
10 TeV correspond to the lower and upper threshold of the analysis, respectively. The
hardness ratio, which is defined as the ratio of fluxes in two different bands, is presented
in , together with the two light curves. Due to the large uncertainties in the
light curves, espec1ally for short observations, also the hardness ratio shows comparably
large error bars there. A fit of the hardness ratio distribution with a constant delivered
a x? = 12.51 for 14 degrees of freedom, while the mean value is compatible with 1. The
corresponding probability for the data points to be compatible with a constant flux is
57%. No significant change in the hardness over time can be stated.

To investigate possible intra-night variability on the day of the large flux increase, May 22,
a light curve with a bin size of 5 minutes has been produced from the data of that night
(see ). In this light curve, only marginal differences in the flux can be seen. A
constant fit to the light curve yields a reduced x? of 7.86/6 and thus a fit probability of
25%. Therefore no strong and rapid variability can be concluded.
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Figure 6.2: Light curve derived from the MAGIC Mrk 501 observations: The integral flux
in the range 300 GeV to 50TeV is shown. This light curve is also included
in the MWL light curve collections in . The blue dashed line
indicates the flux of the Crab Nebula in the given energy range.
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Figure 6.3: Intra-night light curve of the observations of Mrk 501 on May 22" 2009 in

the energy range 160 GeV to 10 TeV. The size of the individual time bins has
been chosen as b minutes. The blue dashed line indicates the flux of the Crab
Nebula.
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Figure 6.4: Light curves showing the integral flux at low energies (160 GeV to 500 GeV,
top) and at high energies (500 GeV to 10 TeV, middle). The blue dashed line
represents the Crab Nebula flux in the respective energy range. In the lower
panel, the hardness ratio between the flux in these two energy bands, after
normalization to the mean flux, versus time is shown. The red dashed line
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indicates the constant fit to the distribution.
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Following the standard procedure for spectral reconstruction with MARS as explained in
, cuts have been optimized on the test data sample of the Crab Nebula, in order

to reproduce the spectrum.

The following cuts have been found to deliver reliable results:

e size > 150 phe,
e « cut efficiency: 0.7,
e hadroness cut efficiency: 0.8,

where the actual cut per bin in « and hadronness is determined during the run of fluzlc
according to the chosen efficiency. Again, three off positions have been used to determine
the background of the measurement.

With this configuration, fluzlc was applied to the whole data set, to data only from May
22 (when the source exhibited an increased flux) and to all data except May 22. The
resulting histograms in estimated energy have been unfolded using the macro combunfold,
applying all available unfolding methods, see also [ |. A good agreement has been
found in all three cases and the spectra obtained with the method of Bertero | ]
are shown in . The resulting parameters of a power-law fit to the spectra are
shown in . During this fit, the correlation of the data points, which has been
introduced in the course of the unfolding, is taken into account. Based on the calculated
X2, the probability of the fit to describe the data points has been determined for the given
6 degrees of freedom. The simple power-law describes the flaring state very well with a
fit probability of 93%. Also for the low and average state the fit probability is sufficiently
high (21% and 26%, respectively). Based on the obtained fit parameters, the observation
on May 22 is not only characterized by an increased flux, but also a hint for a hardening
in the spectrum can be seen (spectral index —2.28 £ 0.06 versus —2.40 £ 0.05), albeit not
being significant for a real claim on spectral hardening. While the average spectrum is
strongly influenced by this particular observation, the low state of the source is more likely
represented by the spectrum of all data except the flaring day.

Table 6.4: Properties of a fit of the obtained MAGIC spectra of Mrk 501 with the power-
(e
law function fil—g = fo- (%) , with r=1TeV. During the fit, the correlation of

the data points (introduced during the unfolding) is taken into account. The
fit probability is calculated for 6 degrees of freedom.

Data set index @« fo[107"em™2s7!TeV~!] x?  Fit Prob.
Average state (all data) -2.3440.04 1.20+£0.05 7.62 26%
Low state (all except May 22) -2.4040.05 0.93+0.04 8.36 21%

Flaring state (May 22) -2.2840.06 3.08+0.20 1.94 93%
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Figure 6.5: Spectral energy distributions of Mrk 501, obtained from the complete MAGIC
data set (upper panel), from the flare night May 22"? (red triangle points in
the lower panel) and from all nights except the flare night (black points, lower
panel). The spectra have been fitted with a simple power law, while taking into
account the correlation of the individual bins after unfolding. The according
fits are shown in the figures as solid lines. The green dashed line indicates the
spectrum of the Crab Nebula as published in | ]
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The presented MWL campaign took place from March 15" (Modified Julian Date (MJD)
54905) to August 15¢ (MJD 55044) in 2009 and 30 instruments collected data in all fre-
quency bands during this time. In the radio regime, several single dish telescopes around
the globe were involved, as well as the mm-interferometer Submillimeter Array (SMA)
and the Very Long Baseline Array (VLBA) interferometer. Due to its good angular res-
olution (=~ 0.1pc at 43 GHz for the closest blazars | ]), the VLBA measured the
flux not only of the total source, but also from the core region of the jet. A range of
telescopes observed in the optical frequency range, with a variety of filters. Many of the
R-band measurements were conducted as part of the GLAST-AGILE Support Program by
the Whole Earth Blazar Telescope (GASP-WEBT program). Data in the ultraviolet (UV)
bands have been provided by the Ultraviolet/Optical Telescope (UVOT) onboard the Swift
satellite. The satellite also conducted measurements in the X-ray band, with the X-ray
Telescope (XRT) and the Burst Alert Telescope (BAT). Furthermore, the satellite Rossi
X-ray Timing Ezplorer (RXTE) took X-ray data with the on board Proportional Counter
Array (PCA) and the All Sky Monitor (ASM). The Fermi satellite has been observing
the source in survey mode throughout the campaign, taking measurements with the LAT
instrument. These short observations were part of a long-term monitoring of the source
which involved also the two all-sky instruments BAT and ASM. In the VHE range, obser-
vations were carried out by MAGIC, VERITAS and the 10m Whipple telescope.

For a list of all participating instruments, see . For a detailed description of
telescopes, observation strategies and analysis procedures, see | | and references
therein.

In the scope of the first analysis of this MWL data set, as presented in [ |, a spectral
energy distribution for the average state of the source throughout this campaign has been
derived (see also ). With the large number of participating instruments and
the long duration of the campaign, which allowed to accumulate ample event statistics,
also with the less sensitive instruments, a very good coverage of the entire SED could
be reached. In the course of the work presented in | |, the SED has been modeled
following a simple one zone synchrotron self Compton (SSC) scenario (see )
In order to reproduce the entire SED, the energy spectrum of the underlying electron
population has been characterized as a power-law distribution over an energy range vmin
t0 Ymaz (With the energy given in terms of the particle Lorentz factor v), with two spectral
breaks at 7,1 and vy, 2, respectively. The resulting parameters are given in

For the generated SED curve, see (also included in Figures and )
and | ]. In the latter reference, also more detailed descriptions on the choice of the
modeling parameters and implications are given.



6.5 MWL flux variability

The distributions of flux versus time which were measured by the various instruments over
the 4.5 month long campaign are shown in Figures and 6.7. The former figure includes
all instruments which allow to derive a flux point for each pointing of the instrument,
while the latter comprises the light curves which were obtained with Fermi-LAT, RXTE-
ASM and Swift-BAT and have been integrated over 30 days for each flux point due to low
statistics.

In the radio regime, a nearly constant flux can be seen in the light curves from all instru-
ments. The best sampled one is the light curve measured with the Owens Valley Radio
Observatory (OVRO). Except for a period of ~ 15 days (MJD 54940 to 54960), a constant
emission can be noted.

The VLBA took additional measurements in the radio band, which were not part of the
initial campaign and were added to the data set later on. Snapshots of the total flux
and the flux from the core region were taken in December 2008 and January, February
and May 2009 (see ). Compared to the previous months, both the total and
especially the core flux show a significant increase in May 2009, although the uncertainties
are relatively large.

The coverage in the infra-red band is rather sparse and the uncertainties of the measure-
ment are large, still some variability has been seen by the different instruments. In the
optical regime, an extensive sample of measurements is available, which shows a nearly
constant flux from all participating telescopes. Only small variations can be seen in the
Mitsume data (in all bands), for example around MJD 54935 and 55000. The very densely
sampled light curve supplied within the GASP-WEBT program shows small flux varia-
tions in the order of 10% over time scales of about 15 days. Stronger variations of about
25% are apparent in measurements in all ultra-violet bands in time scales of 25 to 40 days.
In the X-ray band, the light curve obtained with RXTE-ASM (which required an integra-
tion time of 30 days for each flux point) shows only small variation in flux, while Swift-BAT
saw a somewhat higher variability, but with large uncertainties. Swift-XRT saw strong
variations in both energy bands (below and above 2keV) on time scales of days and below.
The XRT light curves exhibit flux variations of 50 to 60% on time scales of 10 to 20 days
and they cover a large flux increase of more than 2 times the baseline flux in both bands
around MJD 54977. The measurements taken by RXTE-PCA show only small variations,
while a significantly increased flux was seen around MJD 54968 ad 54974.

The two Fermi-LAT light curves with integration times of 15 and 30 days, respectively,
report on some variability, with an increased flux around MJD 54950. However, short
term variations as in the X-ray band could not be probed.

Despite the naturally more sparse sampling in the VHE regime, the light curves obtained
with the TACTs show that the source was quite active in this regime. Besides variations
on time scales of several days, two large outbursts have been detected around MJD 54952
and 54973. While the former one was seen by VERITAS and Whipple, the latter was
observed by MAGIC and Whipple.

In the following, the two periods of increased flux seen in VHE and X-ray data are in-
vestigated in more detail. Subsequently, a quantitative study of the overall variability is
presented.
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Figure 6.6: Light curves for all wavebands over the whole campaign, including all instru-
ments which allowed to derive a flux point for each pointing. From top to

bottom: VHE gamma-rays

(MAGIC, VERITAS and Whipple 10m telescope),

X-rays (Swift-XRT and RXTE-PCA), ultra-violet (Swift-UVOT), optical tele-
scopes, infra-red and radio measurements. The dashed vertical lines indicate a
sharp VHE flare at MJD 54952 and a period of increased activity in the VHE

and X-ray range from MJD

54969 to MJD 54978.
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During the presented MWL campaign, Mrk 501 showed two periods of flux increase in
VHE gamma-rays. shows the obtained light curves, zoomed in around the
period of high activity. Beside the VHE measurements (MAGIC, VERITAS, Whipple;
upper panel) also the (short term integrated) X-ray light curves are shown (Swift-XRT
and RXTE-PCA, second from top). Additionally, measurements of the polarized optical
emission have been carried out around the time of the first VHE outburst by the Steward
Observatory and were added to the data set obtained in the scope of this campaign. The
degree of optical polarization and the corresponding electric field vector position angle
(EVPA) are shown in the lower two panels of . Unfortunately, no polarization
data are available around the time of the second flare. Because the Fermi-LAT light curve
does not allow to study short time variations and due to the nearly steady emission from
radio to optical (see ), the other wavebands are not considered here.

On May 1% 2009, Whipple observed Mrk 501 in the time from MJD 54952.35 to 54952.47
at a flux level of 2 Crab Units (C.U.), which corresponds to about 10 times the baseline
flux. This observation caught the rising flank of the flare and measured a flux increase by
a factor 5 in 25 minutes, which indicates very fast variability. VERITAS was alerted due
to this observation and observed, together with Whipple, an increased flux of 6 times the
baseline flux for the rest of the night. The source stayed at a level of enhanced activity
in the subsequent nights. The VHE gamma-ray measurements of this flare have been
presented in [ ], where also more details can be found.

No simultaneous observations took place with the X-ray instruments, but Swift-XRT mea-
surements, which were conducted 7 hours later, show only a slight increase in flux, while
this increase appears to be stronger at high energies (2 — 10keV). The measurements of
the optical polarization show a state of enhanced polarization degree prior to the flare,
while a drop by about 15% occurs right at the time of the flare in VHE. The EVPA shows
a rotation by 15 degrees prior to the flare and stops when the flare occurs.

In the time span from MJD 54973 to 54976, a second flux increase has been seen in the
TeV range. MAGIC observations took place on MJD 54973 (May 22"¢) and saw a flux
close to four times the baseline flux within 1.7 hours exposure. The next pointing took
place on May 24" (MJD 54975.00 to 54975.12), when the flux was down to 1.7 times
the baseline again. Whipple started observations of Mrk 501 later on that date (MJD
54975.25) and measured a flux of 2.5 times the baseline. On MJD 54976.23 (May 25),
another flux increase of almost 4 times the quiescent flux has been measured by Whipple.
VERITAS did not observe the source in this time.

As seen in , no intra-night variability was seen with MAGIC for the night of the
flare, while no intra-night light curves were available from the Whipple observations.

In the X-ray regime, again no simultaneous measurements took place at the time of the
VHE gamma-ray observations. RXTFE took measurements every 5 days and pointed at
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Figure 6.9: MWL light curves which have been zoomed in around the periods of the flares
seen in the VHE range. Top to bottom: VHE gamma-rays, Swift-XRT and
RXTE-PCA, degree of optical polarization, electric field vector position angle
(EVPA) (both from Steward Observatory). The Whipple fluxes have been
provided as scaled to report a flux >300 GeV, while the actual energy threshold
of the experiment is 400 GeV.

the source on MJD 65969 and 54974, which is 4 days before and one day after the MAGIC
observations. These days showed an increase in flux by 1.7 and 1.4 times the baseline,
which was reached again on MJD 54979. Swift-XRT did not observe the source between
MJD 54970 and 54976, but the measurement on MJD 54970 showed a trend of increasing
flux (factor of 1.5 with respect to the baseline), which was continued on MJD 54976.3 (just
above a factor 2) and, after a slight decline on MJD 54976.9, reached its maximum on
MJD 54977.3 with a flux of roughly 2.5 times the baseline flux. The observation on MJD
54976.3 can be considered as quasi-simultaneous to Whipple, while the largest increase
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took place exactly one day after the outburst seen by Whipple. At that time, the gamma-
ray flux was seen to be down to the baseline flux again. The X-ray baseline flux is reached,
after a monotone decline, 2-3 days later.

It can be said that both the VHE gamma-ray and the X-ray measurements report on a
state of enhanced activity in the sources in the period from MJD 54973 to 54976, while
an erratic rise and fall of the flux levels on time scales of the order of days is seen.

To address the variability seen in the different light curves in a quantitative way, the

fractional variability has been determined for each instrument, following | . It is
defined as
S2 _ (52
Fyar = #7 (61)
(F)

given by the variance S? of the light curve, corrected for the contribution from the measure-
ment uncertainties o and normalized with the mean flux (F'). The results are summarized
in , which shows the obtained values of variability versus the (mean) frequency
of the instrument.

In the frequency range from radio to optical, no significant variability was seen. The frac-
tional variability reaches from F,,- = 0.01 for ROVOR to F,4- = 0.20 for GRT. The X-ray
instruments show some variation in the flux, characterized by Fyq =~ 0.3. The variability
determined with the Fermi-LAT is of the same order, while it has to be stated that the
Fyqr values obtained for the LAT, as well as BAT and ASM are not directly comparable to
the remaining values, due to the difference in the probed time scales. In the VHE gamma-
ray regime, the fractional variability is shown for the complete light curves (filled markers)
and for light curves after removal of the flare observations (open markers). Obviously the
measurements which include the flares show the largest variability, up to Fye» > 0.6 and
even 0.9 for Whipple, but also the flare-corrected light curves show a stronger variability
than the other bands (Fyq, > 0.4).

It can be concluded that Mrk 501 showed a clear increase in variability with increasing
frequency during the presented MWL campaign, which ranges from mostly steady emis-
sion in radio to optical frequencies up to fast variability, partly on time scales down to
minutes, at the highest energies.

Based on the various light curves obtained during this campaign, a study for cross-
correlations between the different wavebands has been performed. For this purpose, the
Discrete Correlation Function (DCF) has been determined for each pair of instruments,
following [ ]. The DCF allows to search for correlated flux changes in a pair of light
curves, probing a range of possible time lags. The tools used for this study have been
prepared by N. Nowak.

A range of -100 to 100 days has been probed, although due to the limitation of the given
data set to 4.5 months, correlations at time lags of more than 70 days should be treated
with care. Because of the difference in exposure times and the uneven sampling, the test
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Figure 6.10: Fractional variability F,,, for each instrument, calculated following [ 1,
based on the light curves obtained over the entire campaign. For the VHE
gamma-ray instruments, a second Fj,- has been obtained for light curves
from which the flare observations have been excluded.

for the significance of peaks in the DCF distribution is not trivial. For this purpose, light
curves have been simulated for each instrument, regarding the sampling rate and the in-
dividual exposure time. The power spectral density (PSD) of the simulations has been
modeled as a simple power-law with indices ranging from -2.9 to -1.0 in steps of 0.1. For
each instrument, 1000 light curves per PSD have been simulated, following the prescrip-
tion given in | | and using the method from | |. Subsequently, the simulations
have been tested to follow the same PSD as the measured light curve with the psresp
method | ]. The sample of simulations with the best matching PSD is applied for
the correlation studies. The DCF itself is determined for a given combination of instru-
ments, while the significance is tested by correlating the real light curve of one instrument
to the 1000 simulated curves generated for the other. Based on the simulations, confidence
bands of 95% and 99% are determined.

At first, the method has been used to investigate the Discrete Auto Correlation Func-
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tion (DACF) for each instrument, which provides on the one hand a sanity check for the
method itself and on the other hand allows to look for characteristic time scales which
could point to an underlying periodicity. No remarkable result has been found here.
Combinations of instruments of all wavebands have been investigated for cross-correlations.
The low level of activity in radio and optical already indicates that no significant correla-
tion in flux changes are found neither among these bands nor with instruments of other
bands. The corresponding DCF plots are shown in . The MeV-GeV range
cannot be probed for correlations on time scales of days based on the Fermi-LAT light
curves. The same is true for BAT and ASM measurements.
The determined DCF for the remaining X-ray and VHE instruments are shown in

. For this study, the light curve of all three VHE gamma-ray instruments (above
300 GeV) were combined to a single light curve, containing all the observations. A sec-
ond light curve has been prepared by removal of the flaring days (MAGIC: MJD 54973.1;
VERITAS: MJD 54952.4; Whipple: MJD 54952.4, 54975.4 and 54976.3). In the X-ray
regime, the light curves obtained by Swift-XRT (in both energy ranges) and RXTE-PCA
have been used. Also here, flare-corrected light curves have been obtained for Swift, where
the removed observations are MJD 54977.3 and 54976.3.
In , the DCF are presented for the combination of one X-ray measurement (top
to bottom: RXTE-PCA, Swift-XRT (0.3 - 2 keV) and Swift-XRT (2 - 10 keV)) with the
VHE light curve. On the left hand side, DCF for the complete light curves are shown,
while on the right hand side, the results of the study on the flare-corrected measurements
are presented. For the complete light curves, a significant correlation has been found
among the Swift-XRT measurements in both bands and the VHE light curve, at a time
lag of -20 days. Also a marginal correlation is seen for PCA. This is not very surprising,
as the first, larger outburst at gamma-ray energies occurred roughly 20 days before the
flare seen by Swift (and the smaller flux increase measured with PCA). After removal of
the flares, no significant correlation is found.

Besides the study of variability in terms of the emitted flux at different wavelengths, also
the investigation of changes in the overall energy spectrum of Mrk 501 have been a major
part of this work. Additional to the broad-band SED which was averaged over the entire
campaign and presented in [ |, energy spectra derived from single observations or
integrated over shorter time scales have been provided by some of the participating instru-
ments. For the X-ray instruments XRT and PCA, spectra were obtained for each pointing
of the instrument, while for the Fermi-LAT, one spectrum per 30 day integration was
generated, wich were likewise presented in | ]. For the VHE instruments VERITAS
and MAGIC, dedicated spectra have been produced from the observations which covered
the increased flux states of the source. For Whipple, two dedicated spectra for the flare on
MJD 54952 were produced (and presented in [ ]). In this section, the spectral vari-
ability in the X-ray and VHE gamma-ray band is investigated, paying particular attention
to the flaring episodes. Subsequently, changes in the entire SED around the two flares will
be examined.
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The different spectra which are obtained for the VHE gamma-ray range are presented in

A spectrum which represents the low state of the source has been derived for all three
participating IACTs, based on all data taken during this campaign, except for the obser-
vations which showed an outstanding increase in flux. For VERITAS, observations between
MJD 54952 and 54955 have been removed from the data set to obtain this spectrum, while
a high state spectrum was produced based on the excluded data. The two spectra were
already presented in | ]. The same procedure has been performed for the Whipple
observations, while based on the observations in the mentioned time frame, two different
spectra have been derived for this instrument: one covering the rise and peak of the flare
(MJD 54952.35 - 54952.41, marked as “Whipple very high”) and one derived from the
remaining observations when the source was still showing a high flux (MJD 54952.41 -
54955, marked as “Whipple high”). For more details on these observations see [ ].
Based on the MAGIC observations, an average spectrum was presented in | ], which
represents the low state of the source as the initial data set did not contain the observation
from May 22"¢, the day of the flare seen by MAGIC. For the spectra shown in ,
the low state and flare spectrum derived in the course of the re-analysis performed in this
work has been chosen, as presented in . All spectra have been corrected for at-
tenuation of the gamma-ray flux by interaction with photons of the EBL, using the model
by Franceschini et al. | ]

A good agreement can be noted for the low state spectra measured by the different exper-
iments. Regarding the high state spectra, a tentative “harder when brighter” behavior is
seen.

The X-ray satellite instruments Swift-XRT and RXTFE-PCA allowed to derive a spectrum
per pointing of the instrument. The spectra which were recorded closest in time to the two
outbursts in VHE gamma-rays are summarized in for XRT and for
PCA spectra, around the first (top panels) and second (bottom panels) VHE flare. For the
first flare, not much variation is seen in the PCA spectra, while significant spectral and flux
variability is present in the XRT measurements. Here, a tendency for an upward curvature
towards increasing energy is seen in the spectra closest to the VHE flare. To study the
evolution of the spectral shape further, a spectral analysis with a simple power-law model
was performed for the Swift spectra by M. Perri. The evolution of the corresponding
spectral index with time is presented in . The distribution shows a clear peak
around the time of the flux increase in the VHE band (MJD 54952-54953), which confirms
a significant spectral hardening in this time.

In the case of the second VHE flare, variability is seen for both X-ray instruments, but
no such spectral hardening is found. The spectra derived from the PCA data indicate a
flux variation of a factor of about 2.3, but the spectral shape is unchanged. A substantial
change in flux and shape on a time scale of less than one day was seen by Swift on
MJD 54977, where the flux at energies below 2keV changed by about 50-60% within less
than 7 hours.
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Figure 6.12: Spectral energy distributions measured by MAGIC, VERITAS and Whipple
during the low state of the source and two states of increased VHE flux.
The spectra have been corrected for EBL absorption using the model by
Franceschini et al. | |]. The VERITAS and Whipple spectra have been
reported previously in [ .
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Based on the SSC model which has already been applied to explain the average emission
of the source, the X-ray emission from Mrk 501 is expected to constitute of synchrotron
photons emitted by relativistic electrons. The bump in the spectrum which is formed by
this emission is thus commonly referred to as synchrotron bump. The second bump, which
is created by the emission in gamma-rays (MeV-TeV energies) is referred to as the inverse
Compton (IC) bump in the the context of SSC scenarios.

In the following, the spectral variability seen in the X-ray and the VHE band around the
flaring events is investigated in context of the entire spectral energy distribution.

The upper panel of shows an SED snapshot around the time of the first flar-
ing event in VHE, at MJD 54953. Spectra measured by Swift-XRT and RXTE-PCA
around that time are included. In the gamma-ray band, the dedicated Fermi-LAT spec-
trum derived from data from MJD 54952 to 54982 is shown. At the high energy end of
the spectrum, the flaring spectra which were measured by Whipple and VERITAS are
depicted. For the remaining instruments from radio to optical, one point per filter and
instrument has been derived on the basis of the closest point in the light curve, if an
observation has taken place within 5 days before or after.

It is apparent that, while the second bump moves up by a factor 3-6 compared to the
average SED, the synchrotron peak remains rather stable in flux. However, the aforemen-
tioned change in shape of the synchrotron bump is obvious when regarding the Swift-XRT
spectra. The shown spectrum from RXTFE-PCA has not been measured simultaneously
(not even contemporaneous). The upward curvature of the Swift spectrum thus indicates
a shift of the synchrotron peak to higher energies, while only the rising flank has been
covered by measurements.

in shows additional SED snapshots around the time of the flare,
namely from MJD 54946, 54953, 54954 and 54956, which corresponds to 6 days before
the flare, just after the peak of the flare, one day later when the source is still active in
gamma-rays and two days later, when no VHE observations took place anymore. For any
given date, the Swift-XRT and RXTE-PCA spectra which were measured closest in time
are shown, with a maximum distance of 5 days. Regarding the Fermi-LAT spectrum, the
high state spectrum (MJD 54952 to 54982) is included for dates within that range, other-
wise the average spectrum gained by exclusion of this period is shown, see also | . In
the VHE gamma-ray range, the respective flaring spectra are shown for the time interval
of the flare and one day before or after, otherwise the low state spectra are included. Also
here, close-by light curve points have been converted to spectral points for the remaining
instruments.
In this sequence of figures, the observation that the synchrotron peak remains stable in
height, but is subject to spectral changes becomes even clearer.

In the lower panel of , the high state SED for the second observed VHE flux
increase is shown. Included are again the closest Swift-XRT and RXTE-PCA spectrum, as
well as the Fermi-LAT high state spectrum and the MAGIC flare spectrum. The second
SED bump is seen to be shifted upward by a factor of ~ 2.5, while this time also the
synchrotron peak changes in flux, by approximately a factor 1.5 — 2.
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The slight mismatch of the Fermi and MAGIC spectrum can be explained by the corre-
sponding integration times, which are very different for the various instruments. The LAT
data are integrated over a time span of 30 days, among which there are larger periods of
no observation in the VHE range due to moon and down times of the experiments. Within
this time, the IACTs might have missed more active periods of Mrk 501, which in turn
have been covered by Fermi.

In , again a sequence of SEDs around the time of the flare is shown (
), which reports on a more complex situation: Together with the overview of the
X-ray spectra which was shown before ( , ), this sequence reveals a

seemingly chaotic behavior of the source over time scales of days and below. While the
synchrotron flux is moving up and down by 50% within one day, also the flux at VHE

energies seen by MAGIC/Whipple is showing erratic flaring (see also ).

Based on the modeling of the average state SED as presented in | |, the high state
SEDs obtained in the course of this work have been modeled in the scope of the SSC
emission processes, using the code implemented by H. Takami | |. Two different

simple leptonic scenarios have been investigated to describe the SEDs:

First, an emission region similar to the one regarded in the low state analysis is assumed
to be responsible for the entire emission during the two high states, as described in a
one-zone SSC model (see upper panels in Figures and ). For this model, the size
of the region and the Doppler factor have been fixed, while the magnetic field had to be
reduced. For the first flare, where fast variability has been detected in the VHE range, an
additional model configuration has been applied, where a smaller emission region and a
larger Doppler factor have been assumed (lower panel in ).

Following another scenario, the high state emission has been assumed to stem from a
second, spatially separated region, which emits radiation in addition to the steady low
state emission, resulting in a two-zone SSC model. This scenario has been tried for the
first outburst, but did not allow to describe the obtained SED. The substantial shift of
the synchrotron peak to higher energies and the steep rise in the Swift spectrum requires
a narrow electron SED centered at high energies, which does not produce any low energy
synchrotron radiation. Accordingly, the electrons scatter mostly in the Klein-Nishina
regime (see ), which results in a strong suppression of inverse Compton
scattering and thus does not produce the high energy emission which is seen by VERITAS
and Whipple. For the second flare, however, this scenario can well describe the seen change
in the synchrotron and high energy bump, including also the optical and UV points (see
lower panel in ).

The corresponding parameters used in the models (see also ) are shown
in . As the definition of the number density used for the modeling in [ ] is
different from the one used here, shows the density according to the model used
in this work, for reasons of comparability, where the density n. is defined according to
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with the electron Lorentz factor v (see ), the spectral indices aj, ay and
ag, the minimum and maximum energies (Lorentz factors) ymin and ymax and the break
energies ypr1 and pr2. The parametrization of the electron energy distribution allows
to define up to two spectral breaks, while two breaks have only been applied in the case
where a one-break spectrum was not sufficient to reproduce the data (see ).
The contribution of star light from the host galaxy depicted in Figures and has
been included according to | ].

Table 6.5: Values for the model parameters as obtained during the SSC modeling. To-

85

gether with values describing the average state (adapted from |
eter values obtained during fits in the course of this work are shown, describing
the flaring SEDs shown in Figures and
parameters defining the additional zone (on top of the average emission model)
are given. For details on the parameters and the assumed scenarios see text.

]), param-

. For the 2 zone model, only the

Parameter | Av. State Flare 1 Flare 1 Flare 2 Flare 2
one zone one zone one zone two zone
large region (very) small region large region small region
R [em] | 1.3x 107 1.3 x 107 6.3 x 10 1.3x 1017 1.0 x 106
B [mG] 15 2.7 30 5 8.5
5 12 12 18 12 18
ne [em ™3] 635 7.7 % 103 6 x 10% 1.3 x 103 7 x 103
Vimin 600 1x 103 300 1 x 103 4.0 x 10*
Ymaz 4 x 104 1.5 x 107 3 x 106 1.5 x 107 3.0 x 108
Vor,1 9 x 10° - - 1.2 x 10° 8.0 x 10°
Vor,2 1.5 x 107 - - 1.5 x 10° -
o1 2.2 2.3 2.2 2.2 2.0
g 2.7 - - 2.4 -
o3 3.65 - - 3.65 3.5
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Figure 6.17: SSC models for the SED obtained around the first VHE flare (MJD 54952).
Upper panel: one zone model, assuming an emission region of the same size
as the one that was assumed for the average state model in | ]. For the
used parameter values see second column in . Lower panel: one zone
model, assuming a smaller region and an increased Doppler factor compared
to the average state model. For the parameters see third column in .
The emission from the modeled region (red dashed line), the contribution of
the host galaxy (green dotted) and the sum of the two (black solid) are shown.
The average model is drawn for comparison (grey dot-dashed).
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Figure 6.18: SSC models for the SED obtained around the second VHE flare (MJD 54973).

Upper panel: one zone model, assuming an emission region of the same size
as the one assumed for the average state model | ]. The emission from
the modeled region (blue dotted line), the host galaxy (green dashed) and
the sum (black solid) are shown. The average model is drawn for comparison
(grey dot-dashed). See fourth column in . Lower panel: SSC model
assuming two independent emission zones, while a smaller blob responsible
for the flaring emission has been added to the quiescent blob with parame-
ters found in | ]. The average state model (blue dash-dotted line), the
emission from the additional region (red dashed), from the host galaxy (green
dotted) and the sum of all (black solid) are shown. For the parameters which
characterize the additional emission region see last column in
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As a result of the modeling, the second flare (MJD 54973) can be reconstructed by the two
zone model, while applying a reasonable choice of parameter values. While the one zone
model appears also to reconstruct the data points fairly well throughout most SED parts,
it does not allow to describe the UV data points. Both possibilities are characterized
by a shift of the electrons to higher energies (higher v, and Y as well as a harder
spectrum) and a lower magnetic field compared to the average state, while the two zone
model is clearly to be favored.

Due to the shift to higher energies and the steep increase of the synchrotron peak, the
SED around the time of the first flare (MJD 54952) can neither be reproduced with the
one zone nor with a simple two zone model. While again, one zone does not fully explain
the flux level seen in the UV range, the two zone model cannot reproduce the sharp
synchrotron peak and the existence of an IC peak at the same time. The seen behavior
might be explained in the scope of more complex scenarios. One possibility could be
that an additional (more energetic) electron population, which produces the shift in the
synchrotron peak, appears to be cospatial with the average state emitting electrons. In
this way, enough low energy photons would be present to be upscattered by the freshly
accelerated electrons, while only a weak suppression due to Klein-Nishina-effects would
take place. However, the scope of this thesis has been restricted to simple, straight-forward
models, and as this scenario involves several additional free parameters, it was not tested
in the course of this work.

During the 4.5 months covered by the MWL campaign presented in this chapter, the blazar
Mrk 501 showed a general behavior of stronger flux variability towards larger frequencies.
On top of this, it showed two episodes of increased activity in the emission of VHE gamma-
rays. The extensive data set allowed to investigate changes in the emission at other
wavelengths in correlation to these events. While the source appeared to be quiet and
stable in the range from radio to optical emission, some activity has been seen in the
X-ray regime, including one large outburst which can be seen as contemporaneous to one
of the events visible at TeV energies. At MeV-GeV energies, only long time variations (30
days) were probed, but an increased activity over the 30 days period covering both flaring
events was seen. Regarding a possible correlation of flux changes between the different
bands, a significant connection could only be found between the X-ray and the VHE bands,
and only for the case when the outbursts were included in the light curves.

In the MWL picture, the two VHE flares differ profoundly from one another. The first
event around MJD 54952 shows a rapid flux increase in VHE gamma-rays on time scales
shorter than 1hour, which reaches flux levels of 6-10 times the baseline flux. Although
strictly simultaneous observations in the X-ray band are missing, contemporaneous (within
7 hours) measurements show that the overall flux at X-ray energies does not exhibit
a significant increase around that time. However, a spectral change is apparent, which
indicates a shift of the synchrotron peak to higher energies. Unfortunately, this observation
cannot be confirmed by measurements in the range > 4 keV, as there are no data available
close in time to the event. Complementary measurements of the optical polarization reveal
an additional coinciding change in the behavior of the source: While prior to MJD 54952,
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the degree of polarized light was comparably large (=~ 5.3%), it dropped down by =~ 15%
right when the flare occured. Furthermore, a rotation in the angle of the electric field
vector (EVPA) is seen prior to the flaring event, which comes to a halt at the time of
the gamma-ray outburst. The combination of a slight drop in degree and the comparably
short rotation of only 15 degrees cannot, in themselves, be argued as an outstanding event,
as changes of this extent could still be ascribed to a random behavior of turbulent plasma
regions. The coincidence with the gamma-ray flare however suggests a common origin of
these events.

The second flaring event shows a different behavior both in the VHE gamma-ray and the
X-ray band: Based on the MAGIC observations from MJD 54973, no significant intra-
night variability of the emission in VHE gamma-rays is seen, while in connection with the
observations performed by the Whipple telescope, the source appears to show flux changes
on time scales of days, lasting at least for 5 days. Unfortunately, no observations took
place on the two days prior to the seen outburst. During this event, Mrk 501 was also
active at X-ray energies. Swift-XRT and RXTFE-PCA saw flux increases by factors of 1.5
up to 2.5 during a period of rising and falling flux levels, until the emission was again more
stable at the level of the base line around MJD 54979. All things considered, the source
seems to show a behavior of erratic flaring in both, VHE gamma-rays and X-rays, over
a period of up to 10 days. In contrast to the first flaring event, unfortunately no optical
polarization data are available for this period of time.

Complementary VLBA measurements reveal an increased radio activity in May compared
to several snapshots prior to the campaign, which is particularly prominent at the location
of the core.

The reconstruction of the SEDs of these two states in the scope of a simple SSC model
revealed that an exemplary SED around the second flare could well be explained in the
scope of a two zone SSC model. However, it appeared not to be possible to model the
entire SED during the first flare with a simple (one or two zone) SSC model.

An overall trend of a more pronounced variability at higher frequencies has been seen
before in the X-ray regime | | and in the VHE regime [ ]. While in the course
of the campaign presented here, such a dependency has not been seen within a particular
waveband, this trend has been observed throughout the entire electromagnetic spectrum,
which establishes the source as being most variable at the highest energies. An indication
for the general trend of a harder spectrum in VHE gamma-rays during high flux states (see
e.g. | ]) was also seen. Although hints for a general correlation between the X-ray
and the VHE gamma-ray band have been found in previous studies, e.g. | , ], in
this work a temporal correlation between flux changes in these band were only seen for
light curves which are dominated by the flaring emission. However, the lack of correlation
during low state emission might be influenced by the fact that many observations were
not strictly simultaneous.

The occurrence of flaring events is a phenomenon that is well-known in Mrk 501. However,
the detailed investigations of the individual events and their temporal proximity permits
several unprecedented conclusions.
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The appearance of the first flaring event seen around MJD 54952 is dominated by a
strong and fast increase in the gamma-ray flux, which is not accompanied by a notable
flux increase in the X-ray band. Based on these observations, this event has previously
been referred to as an orphan flare | , ]. This conclusion would have made a
strong impact, as an event of this type has only once (or tentatively twice) before been seen
for an HBL | , ] and would have challenged the currently favored explanation of
HBL SEDs within leptonic emission scenarios. However, the pronounced hardening and
upward curvature seen in the Swift spectra indicate a substantial shift of the synchrotron
peak frequency to higher energies, possibly to beyond 100keV. This clearly contradicts
the hypothesis of an orphan flare event. A shift in the synchrotron peak during high
states of the source has been noticed before, but a shift of this dimension has only been
observed during the exceptional flare of Mrk 501 in 1997 | ]. The occurrence of such a
remarkable shift of the synchrotron bump during a smaller outburst as seen here is quite
surprising and suggests that the behavior seen in 1997 does not only occur for a single,
outstanding event, but could characterize the source more generally.

Although the peak of the high energy bump is not fully resolved due to the long integration
time required for the Fermi-LAT spectrum, a shift to higher energies can also be noted
here. Such a move of the entire SED towards high energies has previously been interpreted
as a shift in electron energy distribution towards higher energies (see e.g. | , D,
while the comparably small shift of the high energy bump could be explained by Klein-
Nishina effects [ ]. In the SED modeling performed in the course of this work,
neither the one zone scenario (involving only one electron population) nor the scenario of
two separate zones allow to describe the entire SED, neither with a change in the electron
energy distribution nor with a change of surrounding parameters for an isolated region (or
a combination of both). More complex models involving two cospatial electrons popula-
tions which interact with the combined field of synchrotron photons might still be able to
reconstruct the SED, but were beyond the scope of this work. However, the rapid VHE
variability (on time scales down to minutes) and the remarkable change in the synchrotron
emission suggest the interaction of the emitting region with a shock, or the injection of
fresh, newly accelerated particles into the region. Cooling times generally depend on the
energy of the particles, so that fast cooling of the high energy electrons could account for
the rapid flare, while a slower cooling of the lower energy part would explain the increased
VHE flux level for the order of days subsequent to this event.

A strong argument in favor of this scenario is the change in the optical polarization, which
has been found to be coinciding with the TeV outburst. This is the first time such an
observation has been made for a source of the HBL class. The seen drop in the degree of
optical polarization and the stop of the rotation of the EVPA, coinciding with a flaring
event in gamma-rays, strongly support the scenario of particle injection into the emitting
region, which would introduce a turbulence and disturb the (partly ordered) movement of
the particles in the surrounding magnetic field.

The second flaring event (around MJD 54973) differs from the first one in terms of flux
level, the involved time scales and the changes in the SED shape. The overall SED could
be reconstructed in the scope of a SSC model involving two (independent) zones, whereas
a one zone approach did not permit to reproduce the measurements in optical and UV
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frequencies. Regarding the SED, the overall increase in flux, which is not accompanied by
a significant shift of either the synchrotron or the IC bump, do not suggest a substantial
change in the electron energy distribution. The reproduction of the higher flux at X-ray
and TeV energies have been achieved by increasing the electron density n. and the Doppler
factor of the region, while Fyyp. x ne and Fro o n? (in the Thomson regime). Due to
the seen variability on time scales of single nights (but not within a particular observa-
tion), the size of the emission region has been reduced by about one order of magnitude
compared to the quiescent state. In contrast to the sharp outburst in the VHE range
around MJD 54952, a state of enhanced activity over several days in both, X-ray and
VHE frequencies, is seen here. As the cooling time for high energy electrons should be
short, a mechanism of continuous particle injection would be needed to explain this high
activity on these time scales, based on the shape of the electron energy distribution [ ]
Alternatively, the emission region could be traversing an extended shock region, which re-
sults in a compression of the emitting region and an increase of the density of the present
particles.

The latter explanation would be in agreement with an alternative scenario, which was
initially suggested by Marscher et al. for flaring events seen in the sources BL Lacertae
(LBL) in 2005 and PKS 1510-089 (FSRQ) in 2009 | , ]. These observations are
similar to what has been presented above, as they also feature changes in polarization in
coincidence with flaring events in other bands (or the start of a sequence of flares). While
this behavior has been observed for the first time in an HBL during the campaign which is
subject to this thesis, the scenario suggested by Marscher et al. might give some additional
implications on the possible interpretation. Thus, it will in the following be discussed in
the context of the presented Mrk 501 observations:

In | |, Marscher et al. report on a MWL campaign on BL Lacertae, which covered
a double flare in the optical regime, with a separation of 40 days (see the lower panel
of ). While a significant detection of emission above 200 GeV (probably due

to an increased flux state) was seen at the time of the first flare, an increased level of
X-ray emission was observed around the time of the second outburst. Coinciding with the
first optical flare, optical polarization measurements revealed a drop in the polarization
degree at the time of the flare, while a strong rotation of the EVPA appears to terminate
soon after the outburst. Complementary radio images obtained with the VLBA allow to
locate the position of the core at the base of the jet and the location of a second feature
within the jet. A series of these images permits to trace the feature’s path, while it ap-
peared to pass through the region of the core right before the second outburst that was
seen (see the upper panel of ). The radio band also shows significant variability.

Marscher et al. suggest that these two subsequent events are stemming from the same
region (or feature in the jet). They propose a jet model, which defines the radio core not
as the region of opacity 7 =1 (see ), but as a region further downstream, which
is characterized by a standing shock. Upstream of this region, they assume an accelera-
tion and collimation zone of the jet, which is dominated by a helical magnetic field (see

). Based on this model, the first flare event is explained as the time when the
emission features travels along and finally leaves the last spiral arm of the magnetic field,
which is followed by entering a more turbulent zone. The second event corresponds to the
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passage of this feature through the shocked core region, which causes a chaotic behavior on
longer time scales. The radio images recorded around this time support this assumption.
A similar observation on the FSRQ PKS 1510-089 has been presented in | ].

Moving emission feature Helical magnetic field

: Streamline \ / Conical standing shock
eI >

i Acceleration and collimation zone---""/" Millimetre-wave core
Turbulent plasma

% Accretion disk

[ l I | |
0 10Rg 102Rg 109Rg 10Rg 10°Rg

Distance from black hole

Figure 6.19: Schematic view of an inner jet model of the source BL Lacertae, which has
been proposed by Marscher et al. in | ]. Two flaring events are inter-
preted as a shock moving down the jet along the streamline. The first flare is
seen at the time when the shock passes the last spiral arm, before it enters the
turbulent plasma region, while the second flare is explained as the passage
of the shock through the core region. The distance is shown on logarithmic
scale in terms of the Schwarzschild radius of the black hole (Rg). Figure
from [ ], see this reference also for more details.

The observations on Mrk 501, which have been subject to this work, show several similari-
ties to the observations on BL Lacertae (and PKS 1510-089). The objects are characterized
as HBL and LBL (FSRQ), respectively, because they exhibit different peak frequencies
of the synchrotron bump. Therefore, the optical variability seen in BL Lac corresponds
to variability in the X-ray band in Mrk 501. While a strong outburst in the TeV regime
during the first event of X-ray activity is seen for Mrk 501, also BL Lac gives hints for
activity in that band during the first optical flare. The changes in polarization coincide
with flaring events in both sources (and for both with the first one in a series of two). The
second flaring episode is featured by an increased synchrotron bump flux over a longer time
span, while for BL Lac no accompanying flux increase in TeV was detected. The measured
degree of polarization in Mrk 501 (~ 5%) appears to be small compared to BL Lacertae
(up to 18%). However, the jet contribution makes up only 25-30% of the total emission
of Mrk 501 in the optical band, as the host galaxy strongly dominates here. Therefore,
the measured polarization degree corresponds to a fraction of =~ 15 — 20% of polarized
emission from the jet, which is very similar to what is observed for BL Lacertae. The
missing variability in the radio band for Mrk 501 is consistent with what has been seen
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previously for HBLs, see | |. Unfortunately, no direct tracing of a feature’s movement
in the jet could be performed, as no VLBA images were taken during that time, unlike in
the case of BL Lac.

Although the two observations do not report on entirely equal behavior over all bands,
the similarities suggest that the presented scenario could also be an applicable explanation
for the observations of Mrk 501 in 2009. In this context, the first flare might stem from
the fact that a blob of highly energetic particles leaves the collimation region and enters a
more turbulent region. However, the steep rise of the synchrotron peak can not be easily
accommodated here. The second flare is more straight forward to explain in this scenario,
as it would correspond to the passage through a compressed, shocked region, possibly the
core seen in radio images. The enhanced activity in this region during May 2009 seen in
high resolution radio measurements (VLBA) supports this hypothesis.

In this scenario, it is not quite clear if the emission feature, which causes the flaring events,
might also be the origin of the quiescent emission, or if this is produced by another feature
or in another region of the jet. In the context of the (simple) SSC modeling presented in
this work, the latter scenario (including two zones) seems to be better suited in order to
reproduce the SED during the flaring states.

Beyond the detailed explanation of the observed behavior of Mrk 501 during this cam-
paign, the observational details clearly reveal common phenomena which have not been
seen for an HBL before, but were studied already for LBL type sources and FSRQs.
This is quite surprising for sources which exhibit relativistic jets with very different char-
acteristics, namely slow apparent speed and low overall power (together with seen limb
brightening, which suggests a spine-layer structured jet) in Mrk 501, as opposed to sources
which exhibit more jet power and fast jet velocities. This gives a strong indication for

the intrinsic similarity of these different classes, as proposed by Fossati et al. | | (see
also ). Recent observations of rapid variability in the LBL BL Lacertae
confirm this further | ], as flux changes on such time scales are more commonly found

in objects of the HBL class.

In this light, the performed observational campaign and respective analyses can be seen
as fresh support to the claim of intrinsic physical similarities of the different blazar sub-
classes.

In the course of the work presented in this chapter, the light curves of Mrk 501 have been
investigated in terms of the overall variability and correlations between the different wave-
bands. Two flaring episodes have been identified, which showed very different behavior in
the broad-band spectral energy distribution. Based on the prior description of the quies-
cent emission in the context of SSC emission models, the reconstruction of the two SEDs
has been tried using one zone and two zone SSC models. For both cases, the simplest SSC
model, including only one emission zone, was not sufficient to reproduce the entire SED.
While the second event could be accommodated well in a two zone model, the first flare
could not be entirely described by either one or two zones. More complex scenarios of two
interacting zones or a jet of a different structure (spine-layer) might be able to explain
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the SED during the first flare, but were not tested in the scope of this thesis.

Tentative explanations have been given for the spectral behavior seen in these two different
flaring episodes: Based on the modeling, the first event could not be entirely explained,
but seems to be characterized by an injection of particles into a formerly quiescent region,
while the second flare is more consistent with a compressed emission region. A comparison
to earlier data from the LBL object BL Lacertae (and the FSRQ 1510-089) gives strong
hints towards the idea that the emission is produced upstream of the radio core within the
jet, where the magnetic field is strongly collimated, and directly at the core. Accordingly,
this scenario could explain the two flaring events in connection with each other.

The non-strict simultaneity of the spectral distributions measured in the VHE and the
X-ray regime however, does not permit an ultimate conclusive interpretation.

Beyond the explanation of the seen event itself, the observations presented in this chapter
were able to confirm similarities between the different subclasses HBL, LBL and FSRQ.
This clearly supports the hypothesis that the sources are intrinsically more similar than is
suggested by the seen differences in energetic output, SED structure and jet morphology,
and that the differences could be governed by only a few global parameters.



Chapter 7
AGN: Sources of neutrinos and
charged cosmic rays?

One of the most pressing, but still unresolved questions in astroparticle physics today is
the origin of the highest energy cosmic rays. Following the considerations given in

, the class of AGN is a very promising candidate for the production and emission
of charged cosmic particles. The difficulty in the search for the origin of CRs has already
been discussed in , consisting in the fact that a direct search is not possi-
ble, as the CR flux is isotropized by deflection on magnetic fields. The only exception to
this could be the highest energy CRs, as their Larmor radius could be large enough not
to be too disturbed by the prevailing magnetic fields.
In order to identify their sources anyhow, other messenger particles can be addressed, as
their production might be linked to the origin of the CRs. Following hadronic scenarios
of high energy emission from blazar jets, not only gamma-rays but also neutrinos should
emerge from interactions of highly energetic hadronic particles with the jet environment.
Both particles are neutrally charged messengers which are not deflected during their prop-
agation from the source to the Earth and can thus be used for dedicated studies of their
sources. While the possible production mechanisms of gamma-rays in AGN are mani-
fold and can often be fully accommodated in purely leptonic models, as was discussed in

and the previous chapter, the detection of neutrinos would be a strong

confirmation for the participation of hadrons in the acceleration and emission processes at
work there. For this reason, the possible detection of high energy neutrinos from an AGN
is referred to as a “smoking gun” evidence for the case of hadronic jet models.
The drawback in the use of neutrinos is their small interaction probability. After the
AMANDA neutrino detector did not reveal a signal of cosmic neutrinos of point sources
beyond the flux of neutrinos which are produced in atmospheric interactions [ |, the
successor experiment IceCube is now searching for such a signal. IceCube has been com-
pleted in 2010 and employs a cubic kilometer of antarctic ice as its detection volume. For
an overview of the experiment see [ |. So far no significant detection of high energy
neutrinos from an AGN could be claimed.
In the course of this chapter, an exemplary estimation of the possible neutrino flux from
the blazar Mrk 501 is conducted, assuming, in contrast to the considerations in the pre-
vious chapter, that the entire gamma-ray emission seen from the source is produced in
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hadronic interactions. In this scenario, the flux in gamma-rays and in neutrinos should
be linked via the production process. The method presented in the following is indepen-
dent from dedicated acceleration and emission models and is based only on bolometric
considerations. It has been discussed before in | ] and has been recently applied also
to GRBs | |. The fact that a generation of new instruments both in the gamma-ray
and the neutrino field are at hand now suggested a revisit of the method in order to get
a better estimation of the detectability of neutrinos from AGN.

The results which are presented in this chapter have been obtained in cooperation with
A. OMurchadha and F. Halzen and have partly been shown at the international work-
shop Beamed and unbeamed gamma-rays from galazies. They have been published in the
corresponding proceedings | .

The main emission processes which are thought to produce the highest energy photons seen
from blazars have been outlined in . Leptonic models assume an interaction of
synchrotron photons or external photons with a population of highly relativistic electrons,
which leads to the production of high energy photons via the inverse Compton effect.
In hadronic models, which shall be assumed here, high energy photons can be produced
via several different processes, which were briefly discussed in . In the
following, photo-hadronic interactions will be discussed: when protons interact with the
surrounding field of photons (or among the population of protons themselves), resonances
can be produced, which decay further into charged and neutral mesons with a fixed ratio.
For simplicity, the A—approximation is applied and only 7 mesons are considered, which
yields

0 fraction 2

py— At(1232) =4 DT N (7.1)
nwt, fraction g,

cf. | ] and . The resulting neutral pions decay further, and therein

produce highly energetic gamma-rays which, in this scenario, make up the second bump
in a blazar SED:

0 = oy (7.2)

The charged pions decay into leptons via the process

™ = wt = et v v, v, (7.3)
resulting in the emission of neutrinos which might serve as the direct experimental confir-
mation of this process. The fact that the ratios in which the charged and neutral pions are
produced are fixed, directly relates the measured flux in gamma-rays to a flux in neutrinos
which should be produced within the process, cf. | ].



7.3 The Method

For the estimation which is presented here, the interaction of protons with a present photon
field is considered. This field could consist of synchrotron photons which are emitted by
the accelerated particles (including leptons which should also be present in the region)
or of thermal photons which are emitted for example by the accretion disk. No specific
scenario is chosen here, but the photon field is assumed to be constant.
Proton-proton-interactions are neglected for the study presented here, while it is stated
in | ] that photo-hadronic processes should dominate in the investigated scenario.
An assumption is made for the spectral energy distribution of the accelerated protons,
and thus for the pions, based on the particle distributions typically produced in Fermi
acceleration processes. Subsequently, the spectral distribution of the resulting photons
and of the first neutrino can be determined following two-body decay kinematics [ )

, |. The spectral distribution of the second neutrino, which emerges as a decay
product of the muon, corresponds to a three-body decay of a particle resulting from two-
body-decay and is determined following | | (see also | | for explicit calculations).
With an arbitrary normalization of the input spectrum, the gamma-ray and the neutrino
spectra are normalized to each other, but lack an absolute normalization. This can be
derived from measurements of the second spectral bump in the SED of an AGN, which
holds the entire energy that is deposited in gamma-rays. As shown in the previous chapter,
this bump can be well probed with the current generation of instruments. However,
two effects have to be considered, which might alter the initially produced gamma-ray
distribution. One is the attenuation of the gamma-ray flux by interactions with low
energy photons of the EBL. For the application presented below, the measured gamma-
ray spectra have been corrected for EBL absorption using the model by Franceschini
from 2008 | ]. The second effect is the cascading of gamma-rays within the source
(see ). In order to detect gamma-rays which are produced in the above
mentioned processes, they first have to escape the emission region. This region is typically
filled with (synchrotron) photons, which actually is a requirement for a detectable gamma-
ray flux in the course of a photo-hadronic model. The present photons can interact with
the gamma photons, resulting in a cascading of the gamma-rays towards lower energies,
cf. . For the application presented here, it is assumed that most of the
photons still contribute to the energy deposited in the second spectral bump. Particle
cascades in emission regions in AGN jets are usually assumed to be “non-saturated”, as
particles have a high escape probability due to the limited size of the region, and thus
terminate after few circles (see also ). Following these considerations, the
pion-induced gamma-ray spectrum dNjo_,.,/dE, and thus the neutrino spectrum, can
be normalized with the help of measured gamma-ray spectra dNpeas/dE, in terms of the
deposited energy according to

FEraz Emax

dNNO—wW dNmeas
/EdeE_ / BEmes g, (7.4)
E’min Emin

cf. | ].
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The above presented method is applied to the blazar Mrk 501. To derive the energy de-
posited in gamma-rays, the measurements of the high energy spectral bump which have

been presented in have been used. This includes the low state and high state
spectra measured by the Fermi-LAT (see for the high state spectrum and the
upper left panel of for the low state spectrum; see also | 1), the low state

spectrum derived from MAGIC data in the course of this work and the high state spec-
trum derived from the VERITAS data, as this represents the highest flux state seen from
this source in the course of the presented campaign (for both spectra see ). As
already mentioned, the VHE spectra have been corrected for EBL absorption according
to | ].

Based on the measurements in the Fermi and IACT regime, the shape of the second peak in
the SED of Mrk 501 can be derived for both cases. Without imposing any prior knowledge
or assumptions derived from particular emission models, this peak can be parameterized by
a polynomial function of 2"¢ order, which is fitted to the data points in the representation
log(®) vs. log(E):

log(®) = po - (log(E))* + p1 - log(E) + pa. (7.5)

The parameters which are found for the two flux states of the source are given in
The spectra and the respective fit functions are shown on the left hand side of

Table 7.1: Fit parameters for the parametrization of the measured gamma-ray spectral
bumps of Mrk 501 in two different flux states.

Source State Po 1 P2
Low —0.07+0.02 —-0.17+£0.06 —10.86+ 0.03
High —0.08£0.02 +0.01£0.06 —10.20=+0.02

The integration limits for the energy normalization using this parametrization are chosen
as Epin = 1075 TeV and E,,4, = 108 TeV. While the lower limit is given by the left flank
of the second SED bump, the upper limit is suggested by the expected cut-off in the spec-
trum of protons coming from cosmic accelerators at an energy of 10° TeV. These limits
indicate an extrapolation of the measured spectra for the integration, but as the main con-
tribution comes from the well determined part of the spectrum, this appears to be feasible.



7.4 Application to data

The derived neutrino spectra span an energy range from the pion production threshold at
tens to hundreds of MeV up to 10® TeV, where the suppression of highly energetic protons
creates a cutoff (cf. ). The spectra are shown on the right hand side of

For the low state, three different assumptions of the initial pion spectrum
have been used for the estimation (top panel). A comparison of the low and high state
flux of Mrk 501 for an initial spectral index of o, = —2.0 is shown in the lower panel.
Additionally, upper limits are drawn, which were obtained from the IceCube neutrino
detector when 40 of the final 86 strings where in operation (IC-40). They have been
derived for an E~20 spectrum in a live time of 375.5 days and correspond to the Feldman-
Cousins 90% confidence intervals | ]. The flux of neutrinos stemming from hadronic
interactions in the atmosphere, which is the major background to the measurement with
IceCube, has been calculated according to | ]

IceCube accesses an energy range from 0.1 TeV to 107 TeV. This covers a large fraction of
the expected neutrino signal derived above. The number of events which should be seen in
IceCube can be determined using the effective area of the detector. In the presented study,
the standard effective area predicted for a configuration of 80 strings has been applied.
The expected number of events per year, derived for an initial proton/pion spectral index
a; = —2.0, are shown in . Also the expected number of background events in
that time are given there, based on the atmospheric neutrino flux given in | |. For
both flux states, the significance for a detection based on these numbers is determined
according to

signal events

v/ bg events

It has to be noted that the number of events for the high state of the source has been
derived under the assumption of a constant flux at this level over an entire year. While
this is not a realistic scenario, this presentation has been chosen for comparability.

(7.6)

g =

Table 7.2: Predicted event numbers for the examined blazars to be seen within one year
with the IceCube detector, based on the calculated neutrino flux and an effective
area which has been predicted for 80 strings.

Source events [year!] %
Mrk 501 low state 1.70 0.372
Mrk 501 high state 6.232 1.365

Atmosph. background 20.84 -
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Left hand side: Measured gamma-ray spectral points from Fermi and TACTs
and the according fits to the high energy peak: Mrk 501 in low state (top
panel) and high state (bottom panel). Right hand side: Predicted neutrino

spectra for Mrk 501.

Top panel: Estimations for three different initial -

spectra for Mrk 501 in low state. Bottom panel: Estimations for an a; = —2.0
spectrum of Mrk 501 in low and hight state. IC-40 limits are drawn according
to | ]. The atmospheric neutrino flux is determined according to | ]

These figures have partly been presented in [ ]

Based on the predicted number of neutrino events for the low state which has been de-
rived in the course of this study, it is apparent that a single source of this type is not
close to detectability in a standard IceCube point source analysis. The flux limit which is
presented in
(IC-40 configuration) and will be lowered for data taken with the completed detector.
Furthermore, the significance of a possible detection will increase roughly with the square
root of the exposure time. Therefore, the predicted fluxes could be within reach for the
full detector after several years of data taking. However, the key task in order to improve
the sensitivity is the suppression of events stemming from the atmospheric background.
An analysis of IceCube data collected within a certain time window around a detected
gamma-ray high state could be more promising, as this would substantially improve the
signal to background ratio by removing most of the background events. Corresponding

corresponds to less than half of the volume of the finished detector



7.5 Discussion and Conclusion

studies on temporal correlation of the optical, gamma-ray and possible neutrino signal
from AGN have been presented in | -

Beside further possibilities to improve the ratio of signal to background, like an additional
optimization of the considered energy range, the stacking method which combines the
significance from several sources within one analysis could yield an excess which is strong
enough to detect a neutrino signal from the overall sample | , ]. The cor-
responding data catalog should comprise several promising gamma-ray sources, possibly
during high states. Beyond the source class of HBLs which is represented here by Mrk 501,
also more powerful blazars (LBLs and FSRQs) should be included in such a source sample.

The study presented here has been applied to derive a rough estimate for the feasibil-
ity of detecting a neutrino flux from the HBL Mrk 501. It delivered meaningful results,
which do not predict a detection for the immediate future, but motivate the continuation
and improvement of the current search strategies. Beyond the application given here, the
method could be used in a broader study, to make an estimation of the signal which can
be achieved with a stacking analysis of a sample of blazars.
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Chapter 8
Final Conclusion and Outlook

After an introduction was given to astroparticle physics in general and gamma-ray astron-
omy in particular, the successful implementation of the novel unfolding program TRUEE
into the standard analysis chain of the MAGIC experiment has been presented, along
with the very first application of the program to very high energy gamma-ray data. This
first proof of principle analysis, resulting in an energy spectrum of the Crab Nebula, has
proven the compatibility of the program with respect to former unfolding tools and has
highlighted the advantages of the new spectral reconstruction method, which is now open
to be used by the collaboration and has already drawn interest from other experiments.

The phenomenon of active galactic nuclei has been extensively studied throughout this
thesis, following two different approaches. After an introduction to AGN and the sub-
class of blazars, a multi-instrument study of the VHE gamma-ray source Markarian 501
has been presented, which stands out due to its unprecedented coverage in time and en-
ergy. The obtained data provide detailed insights into the broad-band variability of the
source, not only in terms of flux changes but focussing on the overall energy distribu-
tion. Two flaring episodes have been seen and studied in detail, considering also optical
polarization measurements. In this way, a VHE outburst and a coinciding change in the
polarization behavior have been detected for the first time in an HBL object. Accompa-
nied with substantial changes in the broad-band spectral distribution, this event appears
to be challenging simple leptonic emission scenarios. In the context of previous work on
the average emission of the source during this campaign, leptonic models were tried in the
course of this thesis in order to explain the spectral energy distributions measured during
the two flares. While the first flare event could not be reproduced in this scope, the second
event could be well reconstructed, albeit only in a scenario which involves two emission
zones. The complexity of the data and the difficulties in modeling call for the testing of a
broader range of emission models, like e.g. the spine-layer model or hadronic jet models,
which could not be thoroughly studied in the scope of this work.

A comparison to observations on objects of other blazar classes (LBL and FSRQ) revealed
similarities which suggest that the flaring events (together with the change in polarization)
are linked to the movement of a feature in the helical field of the jet, probably close to the
central engine.

Beside the detailed modeling of the flaring events itself, the presented observations un-
covered striking similarities to events seen in LBL objects and FSRQs. Despite their
differences in the structure of the energy distribution, the overall jet power and measured
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plasma speeds, the results presented in this thesis give strong hints towards fundamental
intrinsic similarities of the different blazar classes.

In a complementary study, the approach of hadronic emission of very high energy gamma-
rays was followed in the context of multi-messenger astronomy. Based on simple bolomet-
ric considerations and the gamma-ray energy distribution obtained previously, a possible
neutrino flux from blazars has been estimated, on the example of Markarian 501. While
the predictions do, within the limitations of the method, not announce a neutrino signal of
a single quiescent source for the near future, a detection of a neutrino flux from a stacked
sample of sources, possibly including only time windows of high gamma-ray high activity,
could be within reach after some years of event accumulation with the state-of-the-art
neutrino experiment IceCube.

The results which have been obtained in the course of this thesis clearly motivate fu-
ture campaigns on the blazar Mrk 501, as they revealed that the behavior of the source
cannot be explained in (very) simple models and needs to be studied in more detail. Fur-
thermore, it suggests that a better understanding of Mrk 501 will strongly contribute to
our knowledge on blazars in general, as the observed behavior seems to describe common
phenomena which take place in different sources and source classes.

Another conclusion is the importance of combining broad-band observational campaigns
with optical polarization measurements and radio imaging of the active regions, which
will give a more complete understanding of the structure and evolution of the jets. In
the future, such observation will be complemented by the GEMS satellite, which will add
polarization measurements in the X-ray band. This will be particularly interesting for
studies of HBL sources like Mrk 501, which emit most of their synchrotron power in the
X-ray regime.

Thorough studies, together with the continued search for very high energy neutrino emis-
sion from blazars, promise to uncover the nature of their highly energetic emission in
gamma-rays and to eventually solve the riddle of the sources of the highest energy cosmic
rays in the near future.



Appendix A
Cuts for new spectral reconstruction
method

The standard hadronness and 62 cuts which are default values in made-up.rc and have
been used during the spectral reconstructions presented in are given here.
The cut in the hadronness parameter is following the function

—0.954+7.20 -2 —9.78 - 22 +5.77- 2% — 1.25 - 24 0.77 <2 < 1.85
f(z){142.57 — 241.22 - = + 153.08 - 2% — 43.0323 + 4.522* 1.85 <z < 2.63
94.06 — 147.67 - x 4+ 91.84 - 22 — 28.07 - 23 +4.21 - 2* — 0.25-2° 2.63 < z,
(A.1)
where x stands for log,o(Fest)-
The 62 cut is defined as
0% < 0.06 + (tanh(7 - (—log1o(Fest) + 1.7))) - 0.04. (A.2)
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Figure B.1: Mrk 501 light curve from 2009 MAGIC data. Red circles denote the light curve

derived from the MAGIC analysis performed in the course of this work, as
shown in . Additionally, the light curve derived in the first analysis
of these data by D. Tescaro | | is depicted as blue triangles. Due to
independent quality selections of the data set, some dates are included in one
light curve but not in the other and vice versa. Points in the light curve
obtained in this work, which were not included in the analysis by D. Tescaro,
have been cross-checked by N. Nowak (green squares). A good agreement can
be seen for all data points. The blue dashed line indicates the flux of the Crab
Nebula in the given energy range.
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Figure B.2: Broad-band spectral energy distribution of Mrk 501, derived as the average of
all data collected during the MWL campaign in 2009. Only the VERITAS data
have been separated in a flaring episode and the remaining data. See | ]
and for more details. Figure: | ].
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Figure B.3: SSC modeling of the Mrk 501 average state broad-bad SED collected during
the MWL campaign in 2009 as presented in [ ]. The black solid line
depicts the modeling of the average state which is considered in ,
where also details about the corresponding parameters can be found. The red
dash-dotted line depicts an alternative model which is not considered here.
The contribution of the host galaxy (black dashed line) is included according
to | ]. Figure from | ], where also more details can be found.
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Figure B.4: Discrete Correlation Function (DCF) between the VHE gamma-ray and opti-

cal/UV/IR light curves for a range of possible time lags. Shown are DCFs for
a combined VHE light curve vs. light curves measured by various instruments
in different bands: UVOT Wl(top left), GASP R (top right), Mitsume Ic
(middle left), Mitsume g (middle right), OAGH Ks (bottom left). Confidence
intervals (95% and 99%), which have been obtained based on simulations, are
depicted by the blue and green lines, respectively. See subsection 6.5.3 for
details.
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Figure B.5: Discrete Correlation Function of the VHE and radio light curves. Left: VHE
vs. OVRO. Right: VHE vs. Metsahovi 37 GHz. For more details see the
caption of Figure B.4 and subsection 6.5.3.
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Figure B.6: Discrete Correlation Function between different combinations of X-ray and
UV /optical /IR measurements. Optical instruments: UVOT W1 (top row),
GASP R (second from top), Mitsume Ic (third from top), OAGH Ks (rorth
row from top). X-ray instruments: Swift-XRT 0.3—2keV (left column), Swift-
XRT 2 - 10keV (center column), RXTE-PCA (right). In the bottom row, the
DCF between Swift-XRT 0.3—2keV measurements after removal of the flare
observation vs. GASP R (left) and OAGH Ks (right) are shown. For more
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Figure B.7: Discrete Correlation Function between the X-ray and radio measurements. X-
ray instruments (top to bottom): Swift-XRT 0.3—2keV, Swift-XRT 2—10keV,
RXTE-PCA. Radio telescopes: OVRO (left), Metsahovi 37 GHz (right). For
more details see the caption of Figure B.4 and subsection 6.5.3.
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Figure B.8: Discrete Correlation Function between the UV /optical/NIR and radio mea-
surements. Optical instruments from top to bottom: UVOT W1, GASP R,
Mitsume Ic, OAGH Ks. Radio telescopes: OVRO (left), Metsahovi 37 GHz
(right). For more details see the caption of Figure B.4 and subsection 6.5.3.
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Figure B.9

The exact dates around which the data points have been

collected are given in the figures. For more details on the data points see
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(MJD 54973). The respective dates are given in the figures. For more details

on the data points and the selection see
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Table B.1: List of instruments which have been participating in the presented multi-frequency campaign and the corresponding

energy ranges. Adapted from | ].

Instrument /observatory

Energy range covered

MAGIC

VERITAS

Whipple

Fermi-LAT

Swift-BAT

RXTE-PCA

Swift-XRT

Swift-UVOT

Abastumani (through GASP-WEBT program)
Lulin (through GASP-WEBT program)

Roque de los Muchachos (KVA) (through GASP-WEBT program)
St. Petersburg (through GASP-WEBT program)
Talmassons (through GASP-WEBT program)
Valle d’Aosta (through GASP-WEBT program)
GRT

MitSume

ROVOR

Campo Imperatore (through GASP-WEBT program)
OAGH

WIRO

SMA

VLBA

Noto

Metsahovi (through GASP-WEBT program)
VLBA (through MOJAVE program)

OVRO

Medicina

UMRAQO (through GASP-WEBT program)
RATAN-600

Effelsberg (through F-GAMMA program)

0.12-5.8 TeV

0.20-5.0 TeV

0.4-1.5 TeV

0.1-400 GeV

14-195 keV

3-28keV

0.3-9.6 keV

V, B, U, UVW1, UVM2, UVW2
R band

R band

R band

R band

R band

R band

V, R, B bands

g, Re, Ic bands

B, R, V, I bands

H, J, K bands

H, J, K bands

J, K bands

225 GHz

4.8, 8.3, 15.4, 23.8, 43.2 GHz
8.4, 43 GHz

37 GHz

15 GHz

15 GHz

8.4, 22.3 GHz

4.8, 8.0, 14.5 GHz

2.3,4.8, 7.7, 11.1, 22.2 GHz
2.6, 4.6, 7.8, 10.3, 13.6, 21.7, 31 GHz
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Figure B.11: Light curves and VLBA radio images obtained during an observational cam-
paign on BL Lacertae in 2005/2006. Upper panel: sequence of VLBA images
at 43 GHz. The axis on the left indicates the angular distance to the core.
The total flux intensity is given by contours. The colors depict the intensity
of polarized emission and the EVPA is indicated by the yellow lines. The
movement of a feature with respect to the core is traced with the red lines.
Lower left panel: light curves in X-rays (first from top), optical (third) and
radio (fourth) are given for the time of the campaign. Additionally, the evo-
lution of the power-law spectral index of the X-ray spectra is shown (second).
Lower right panel: close-up views of the X-ray (first from top) and optical
(second) light curves around the flare events are given. The two lower panels
show the evolution of the polarization EVPA and the fraction of polarized
optical emission. The arrow drawn in the X-ray light curve depicts a highly
significant detection of gamma-rays (> 200 GeV) and the arrow in the panel
of polarization degree denotes the time when the feature is seen to pass the
core in the VLBA images. Figures from | ], where also more details can
be found.
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